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Enantiomerically pure chiral secondary alcohols are important intermediates in the 
fine chemical, pharmaceutical and agrochemical industries. Many processes exist 
for generating enantiomerically pure compounds. One of these processes, 
deracemisation, functions by the combination of repeated cycles of enantioselective 
enzymatic oxidation and non-specific chemical reduction to convert a racemic 


















The aim of this project was to provide an effective secondary alcohol oxidase for the 
oxidation step of deracemisation processes. To this end, poly(vinyl alcohol) oxidase 
from Brevundimonas vesicularis was chosen due to its broad substrate specificity. A 
purification method was developed and assays carried out establishing its 
preference for R-secondary alcohols. 
Due to the slow growth of B. vesicularis, it was decided to clone the gene encoding 
PVA oxidase. The goal was to develop a robust biocatalyst for industrial 
applications; therefore, rapid and reliable access to large quantities of the enzyme 
was necessary. This could be provided by an over-expressed recombinant PVA 
oxidase. Attempts at cloning were made with Southern hybridisation, inverse PCR, 
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and analysis of an expression library. Much forward progress was made, but the 
gene remained elusive. 
Subsequently, the use of crude PVA oxidase preparations was investigated. These 
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With the now established importance of single enantiomer chiral compounds in the 
pharmaceutical, agrochemical and fine chemical industries, there is an increasing 
need to discover and develop novel biocatalysts that can catalyse a broad range of 
synthetic enantiospecific transformations. The above mentioned industries, in 
addition to desiring greater efficiency and economy in their synthetic processes, 
have for some years now, been looking to improve the environmental impact of 
these often harmful processes. Biocatalysts have the advantage of working at low 
temperature and pressures, in aqueous solvents and are therefore considered a 
green alternative to traditional synthetic chemistry. The challenge of applying 
enzymes to chemical syntheses is one of discovery and optimisation; the enzymes 
exist and their activity is known. However, these enzymes do not always catalyse 
the exact reaction that is desired, nor do they always catalyse it under the desired 
conditions. Therefore, either the reaction conditions or the enzyme itself must be 
modified; conditions must be found in which the enzyme is able to catalyse the 
desired reaction, or the enzymes must be engineered until the desired reactions can 
be carried out. However, the most straightforward approach is to utilise an enzyme 
that is inherently able to catalyse the reaction of many different substrates of 
interest. 
The aim of this project was to develop a biocatalyst for the preparation of 
enantiopure secondary alcohols. The chosen enzyme was produced by 
Brevundimonas vesicularis and is involved in the degradation of the water soluble 
plastic, polyvinyl alcohol. Polyvinyl alcohol oxidase was found to have broad 
substrate specificity and was therefore a good candidate for development as a 
biocatalyst [1]. To this end, work was undertaken to purify the enzyme, isolate the 
gene encoding it and clone it into an over-expression strain. This would not only 
make it easily available in large quantities in relatively little time, but would allow 




The drive to optimise the cost efficiency of chemical processes has led to a great deal 
of interest in the conversion of racemates into single enantiomer products. To this 
end, a number of methods of resolving racemic mixtures have been developed over 
the last several years [2, 3]. The first of these resolutions was carried out by Louis 
Pasteur in 1848, when he manually separated the enantiomers of tartaric acid [4]. 
More recent methods of arriving at enantiomerically pure compounds are described 
below. 
1.1.1 Kinetic Resolution 
Kinetic resolution is a process in which one of the substrate enantiomers of a 
racemate is preferentially converted to its chiral product over the other. Resolution 
is achieved by the differing reaction rates (kR>>ks) of the chiral catalyst, in the 
conversion to PR and Ps (Figure 1.1). This process is limited by the fact that the 
unfavoured substrate enantiomer (Ss) is left unreacted, resulting in a maximum 
theoretical yield of 50%. 
SR 	
kR 	 PR 	SR, Ss = substrate enantiomers 
R' Ps = product enantiomers 
SS- ---------kS. 	p 	kR, ks= rate constants 
kR>kS 
Figure 1.1. Kinetic resolution process. One of the substrate enantiomers (SR) is 
preferentially converted to the chiral product (P R) over its mirror image (S s ), resulting in a 
maximum theoretical yield of 50% and 100% enantiomeric excess (ee). 
Kinetic resolutions have long been used on an industrial scale for the resolution of 
chiral intermediates used in pharmaceuticals and fine chemicals [2, 51. Hwang et al. 
have recently developed a kinetic resolution for the production of enantiopure (R)-
a-methyl--propiothiolactone (MPTL) [6]. 
2 
Introduction 




	 CH 3 H 
(S)-ci-m ethyl- 13-propiOth lolactone 	 (2R)-3-mercapto-2-methylprOpiOfl ic acid 
+ 
S6 <' 1H  
(R)-a-methyl-13-prOpiOthiOlactOfle 
Figure 1.2. Kinetic resolution of MPTL by Pseudomonas cepacia lipase. 
R-MPTL is an intermediate in the synthesis of Captopril, a drug used in the 
treatment of hypertension. In this case the kinetic resolution strategy has been 
reversed; the chiral substrate is the desired compound, which is purified by reacting 
away the undesired substrate enantiomer. The enantioselective hydrolysis of rac-
MPTL is catalysed by a lipase from Pseudomonas cepacia, which is carried out in 
cyclohexane/1% v/v 100 mM phosphate buffer, to achieve >99% ee (substrate) and 
53% conversion (product). The authors also investigated the kinetic resolution of a 
few related compounds such as and a-benzyl-
a-methyl--propiothiolactone. The former was converted with 23% yield and 22% 
ee, while the latter was left unreacted. 
1.1.2 Dynamic Kinetic Resolution (DKR) 
DKR is a process combining an enantioselective transformation with an in situ 
racemisation step, allowing both substrate enantiomers to be converted to the chiral 
product in yields and ee approaching 100%. As the faster reacting enantiomer (SR) is 
depleted during its transformation to product (PR), the SR/SS equilibrium is 
continually readjusted by the racemisation of the two substrates until, theoretically, 
all of the substrate is depleted. 
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SR, S5 = substrate enantiomers 
R ,  Ps = product enantiomers 
= achiral/prochiral intermediate 
kR, ks = rate constants 
kRI, ksi = rate constants for 








Figure 1.3. Dynamic kinetic resolution. In DKR a racemisation step is added to a kinetic 
resolution to interconvert the substrate enantiomers. 
For the process to be efficient, the rate of substrate interconversion must be much 
greater than the rate of substrate to product transformation. Only if the process 
follows these reaction rates, can DKR result in a theoretical yield and ee of 100%. 
Since the 1970s, dynamic kinetic resolutions have been used for the large scale 
manufacture of chiral intermediates used in the synthesis of pharmaceutical 
compounds [7]. The classic example is the D-hydantoinase process developed at 
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Figure 1.4. DKR of DL-5-subst.-hydantoin with D-hydantoinase. This process is used to 
make thousands of tons of Intermediates for amoxicillin and ampicillin each year. 
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The D-hydantoinase process is used in kiloton scale to produce D-phenylglycine 
and p-hydroxyphenylglycine, which are important components in the side chain of 
p-lactam antibiotics such as ampicillin and amoxicilhin. This process is able to 
achieve 100% yield and ee of D-amino acid in a cost effective manner. L-amino 
acids, however pose a problem as the costs of biocatalysts are prohibitive for 
industrial scale production. To this end May et al. have been working on improving 
the availability of biocatalysts for production of L-amino acids using various 
directed evolution and screening techniques [ 7]. 
1.1.3 Deracemisation 
Deracemisation refers to reactions whereby two enantiomers are interconverted by a 
stereoinversion mechanism, allowing the racemate to be transformed to a single 
enantiomer without any net change in the composition of the molecule. Two very 
similar processes fall into this category: cyclic deracemisation and stereoinversion, 
stereoinversion being a special case of cyclic deracemisation 
1.1.3.1 Cyclic Deracemisation Processes 
The cyclic deracemisation process involves the enantioselective transformation of a 
racemic mixture into a stable prochiral intermediate. The intermediate is then 
non-selectively converted back to starting material. The faster reacting enantiomer 
will be more rapidly depleted, and following a number of cycles, only the slower 
reacting enantiomer will remain. The number of cycles is dependent on the degree 
of enantioselection by the chiral catalyst. 
kred 
	




S5 	 kR, ks kd = rate constants 
kred 
kR>ks 
Figure 1.5. Cyclic deracemisation process. The driving force to high yield and ee for this 
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Figure 1.6. Progression of an ideal cyclic deracemisation process. 
Alexeeva et al. have recently reported the cyclic deracemisation of a-
methylbenzylamine [9]. Using directed evolution techniques, the authors 
successfully evolved monoamine oxidase from Aspergillus niger (MAO-N) to accept 
and enantioselectively convert S-a-methylbenzylamine. This enzyme initially had 
very little activity toward R-a-methylbenzylamine and none toward S-a-
methylbenzylamine. Following directed evolution, the inherent enantioselectivity 
had been reversed, and the enzyme made six times more enantioselective towards 




(S)-a-m ethyl benzy lam ifle 
MAO-N 
NH2 	 - - 




L) 	 NH3:BH3 
(R)-a-methylbenzylamifle 
Figure 1.7. Cyclic deracemisation of a-methylbenzylamine by evolved monoamine 
oxidase and NH 3 :BH 3 . 
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Using MAO-N and ammonia borane in a 'one pot' process, the authors were able to 
achieve deracemisation of racemic a-methylbenzylamine in 93% ee and 77% yield. 
1.1.3.2 Stereoinversion process 
The stereoinversion process is a special case of cyclic deracemisation, in which the 
conversion to enantiopure substrate is completed in a single cycle. This process 
requires both the transformation to the prochiral intermediate and the back reaction 
to be enantioselective. Additionally, in many cases, there is a requirement for one of 
the intermediate to substrate conversions to be irreversible, providing the driving 
force to high yield and ee. 
SR, S S = substrate enantiomers 
kS 	 kR 
Ss - 	I 	 SR 	I = achiral/prochiral intermediate 
	
reversible 	irreversible 
kR, ks = rate constants 
Figure 1.8. General stereoinversion process. 
Fantin et al. studied the stereoinversion of several secondary alcohols using the 
culture supernatants of two micro-organisms: Bacillus stearothermophilus and Yarrowa 
lipolytica [10]. 
OH 







(R)-alcohol 	 steatotheiiiiophiltis 
Figure 1.9. Stereoinversion of 6-hexen-2-ol using two micro-organism preparations. 
The authors tested three main systems for deracemisation. First, they used the 
supernatant from cultures of Bacillus stearothermophilus, to which they added 
Yarrowa lipolytica cells and the racemic alcohols. Secondly, they used the culture 
supernatant of Y. lipolytica and added B. stearothermophilus cells and the racemic 
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alcohols. Finally, they resuspended the cells of both organisms in phosphate buffer 
and added the racemic alcohols. The best results were obtained in the first system 
with 6-penten-2-ol (100% ee and 100% yield). The phosphate buffer system gave 
100% ee and a respectable 91% yield, while the Y. lipolytica supernatant gave poor 
results (40% ee and 85% yield). 
1.1.4 Enantioconvergent processes 
An enantioconvergent process utilises two separate reaction pathways in order to 
transform a racemic substrate into a single product enantiomer. This is 
accomplished by employing a catalyst which transforms one of the substrate 
enantiomers to product with retention of configuration. Simultaneously, another 
catalyst, with opposite enantioselectivity and opposite regioselectivity, transforms 
the other substrate enantiomer with inversion of configuration. 
SR 	
kR 	
R 	SR, Ss = substrate enantiomers 
PR = non-racemic product 
kR, ks = rate constants 
Figure 1.10. Enantioconvergent process. 
Enantioconvergent synthesis of styrene oxides was first reported in 1993 by 
Pedragosamoreau et al. 1111, however Xu et al., employing crude mung bean 
(Phaseolus radiatus L.) powder, have developed a new enantioconvergent process 
for the synthesis of styrene oxides, particularly (R)-p-nitrostyrene oxide [12]. These 
diols are important moieties in the synthesis of dopamine receptor antagonists. The 
crude extract employed in this process contains two epoxide hydrolases, mung bean 
epoxide hydrolase A and B (mbEH A and B), neither of which is enantioselective, 
but both of which show identical regioselectivities with coefficients greater than 
90%. That is, both enzymes convert the (R)-epoxide with retention of configuration 





( J /oH 
NO2 	 NO2 
(R)-p-nitrostyrene epoxide 
	 p-nitrostyrene oxide 
NO2 
(S)-p-nitrostyrene epoxide 
Figure 1.11. Enantioconvergence of racemic p-nitrostyrene epoxide to p-nitrostyrene 
oxide using mung bean epoxide hydrolase. 
Using this crude mung bean preparation, the production of R-p-nitrostyrene oxide 
was achieved in 82% ee and 83.5% yield. After recrystallisation greater than 99% ee 
was achieved. 
All of the above strategies that result in a theoretical yield and ee approaching 100% 
have their place in the development of biocatalytic processes. The strategy chosen 
to arrive at enantiopure secondary alcohols in this project is cyclic deracemisation. 
To develop an effective cyclic deracemisation process for secondary alcohols, a 
suitable enzyme had to be discovered and developed. Dozens of enzymes could 
potentially be developed for this process, but in searching the literature, polyvinyl 
alcohol oxidase stood out for its broad substrate specificity. Some of the 
considerations involved in the choice of enzyme are discussed below in Section 1.2. 
1.1.5 Desymmetrisation 
The desymmetrisation of prochiral and meso compounds is another example of an 
industrially significant process for arriving at enantiopure compounds in greater 
than 50% yield. This approach relies on the fact that enzymes are able to 
differentiate the enantiotopic groups of prochiral and meso compounds. This 
allows the enzyme to preferentially convert the starting material to a single 




A = prochiral substrate 
P,Q = product enantiomers 
$10 	
- 	Q 
Figure 1.12. Desymmetrisation of a prochiral substrate. 
Zhao et al. have recently applied a panel of epoxide hydrolases discovered in the 
Diversa environmental libraries to the synthesis of chiral 1,2-diols [14]. Each of 
these enzymes is able to catalyse the hydrolysis of slightly different cyclic and aryl 
meso-epoxides. The general reaction scheme is shown in Figure 1.13. 
Epoxide hydrolases 	:i IIiic::10 10 
Figure 1.13. Epoxide hydrolase catalysed desymmetrisation of cyclic and aryl meso-
epoxides 
As a proof of the synthetic utility of their enzymes, Zhao et al. carried out the 
desymmetrisation of the industrially relevant compound cis-stilbene oxide which 
had proven difficult for previously known epoxide hydrolases to act upon. This 
desymmetrisation was accomplished resulting in the synthesis of (R,R)-1,2-
diphenyl-1,2-ethanediol with ee values greater than 96%. Many of their novel 
epoxide hydrolases were also able to synthesize (S,S)-1,2-diols, which had not 
previously been observed. These were produced in high ee (approaching 99%) in 
many cases, but with reaction rates 50-200 fold lower than for (RR)-diols. 
1.2 Alcohol Oxidases 
The oxidoreductases (EC 1.x.x.x) make up a class of enzymes that generally include 
the reductases, dehydrogenases and oxidases, all of which catalyse the reduction or 
oxidation of organic molecules. The class comprises approximately 20 subclasses 
including the alcohol oxidoreductases (EC 1.1.x.x). These include six sub-subclasses 
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which are organised based on the electron acceptor used by the enzyme. Alcohol 
dehydrogenases (within all EC 1.1.x subclasses excluding 1.1.3) and alcohol oxidases 
(EC 1.1.3.x) both fall into this broad category. Dehydrogenases have been 
extensively developed as biocatalysts, and are now easily used by organic chemists 
to catalyse the oxidation of primary and secondary alcohols [15]. They are not, 
however, abundantly employed. This can be explained by some of the drawbacks 
involved in using these enzymes. Oxidation of alcohols using NAD(P) dependent 
dehydrogenases is thermodynamically unfavourable, and due to the expense of 
NAD(P), complicated strategies must be implemented to recycle it. Additionally, 
enzymatic oxidations often work better at elevated pHs which destabilize 
nicotinamide cofactors [15]. Alcohol oxidases (EC 1.1.3.x) do not suffer from the 
above mentioned problems, making them an attractive alternative to 
dehydrogenases; oxidation only requires molecular oxygen as the electron acceptor, 
but synthetic acceptors, such as dichiorophenol-indophenol or phenazine 
methosulfate, can also be substituted. Moreover, the prosthetic groups associated 
with oxidases are tightly bound to the apoprotein, allowing the enzyme to be 
employed in a wider range of conditions [5]. 
Approximately 30 types of enzymes are catalogued within the alcohol oxidases [16]. 
Among these are enzymes which oxidise sugars, aliphatic and aromatic primary 
and secondary alcohols, nucleosides, and intermediates of primary metabolism. 
Alcohol oxidases catalyse the oxidation of their substrates to ketones or aldehydes 
with two or four electron transfers to molecular oxygen, generating hydrogen 
peroxide or water, respectively (Figure 1.14) [15]. 
Oxidase 
Substrate-OH + 02 	 SubstrateO + H202 or H2O 
Figure 1.14. General reaction scheme of alcohol oxidadases. 
This generation of hydrogen peroxide is both problematic and useful. Hydrogen 
peroxide is highly reactive and toxic to the enzyme. To mitigate the harm caused by 
hydrogen peroxide, catalases can be added to the reaction to convert it to water and 
molecular oxygen allowing the reaction to proceed [5]. The advantage of hydrogen 
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peroxide production is that it allows oxidase reactions to be monitored with various 
colorimetric assays, facilitating the development of processes that use oxidases. 
1.2.1 Chemical Mechanisms of Alcohol Oxidases 
The alcohol oxidases comprise two principle types: Flavin dependent oxidases and 
copper dependent oxidases. The Flavin cofactor of flavoproteins exists in two 
forms, both as flavin mononucleotide (FMN) and flavin adenine dinucleotide 
(FAD), the only difference being the attachment of an adenine nucleotide to the 
riboflavin cofactor. Copper dependent oxidases also have differing reaction 
mechanisms based on the oxidation state of the metal ion. They are subdivided into 
3 types, based on the number of copper nuclei they contain and their function. 
These mechanisms, as they are currently understood are discussed below. 
1.2.1.1 Flavin Dependent Oxidases 
Riboflavin containing enzymes are ubiquitous in cellular metabolism at all levels of 
taxonomy. Though this cofactor exists in two forms, as both FAD and FMN, their 




Figure 1.15. Isoalloxazine ring. This structure is the chemically active part of the flavin 
cofactors FAD and FMN. 
The chemical versatility of this cofactor lies in the fact that in its fully oxidised form 
it can readily and reversibly be reduced by transfers of either one or two electrons. 
It is capable of transferring single electrons, hydrogen atoms or hydride ions. Once 
fully reduced, dthydroflavin is an effective reducing agent, lending itself to the 
necessary recycling for continued cycles of enzymatic catalysis. The flavin molecule 
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is also susceptible to nucleophilic attack, particularly at the N5 and C4a positions, 
which allows for a variety of covalently bound intermediates during enzyme 
catalysed reactions [171. 
The role of riboflavin cofactors in alcohol oxidases is well documented, yet not 
completely understood. The most thoroughly studied alcohol oxidases are the 
primary alcohol oxidases of the glucose, methanol, choine (GMC) oxidoreductase 
superfamily and specifically glucose oxidase (EC 1.1.3.4), cholesterol oxidase (EC 
1.1.3.6) and methanol oxidase (EC 1.1.3.31). These operate with fundamentally 
similar mechanisms and glucose oxidase will be taken as a model example. The 
general mechanism of alcohol oxidation is shown in Figure 1.16 and Figure 1.17, 
where 0-H bond cleavage is thought to occur before C-H bond cleavage probably 


















Figure 1.16. Simplified mechanism of primary alcohol oxidation. For clarity, the 
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Figure 1.17. Ping pong reaction mechanism of flavin oxidase. In the first half reaction 
FAD is reduced to FADH 2  upon oxidation of the substrate. In the second half reaction, 
FADH 2  is oxidised by dioxygen with concomitant production of hydrogen peroxide. 
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In both glucose oxidase and cholesterol oxidase a conserved histidine is present, 
occupying the same space in both active sites. This histidine is presumed to be the 
base required for initial hydrogen abstraction required to start the oxidation as seen 






HO o ' c'N> 
H wc 
His 516 
Figure 1.18. Active site of glucose oxidase. His 516 is a conserved amino acid, which 
acts as a base required for hydrogen abstraction in the oxidation of primary alcohols in the 
GMC superfamily. 
Oxidation of the alcohol is the first half of the process. By definition there can be no 
net change to a catalyst, therefore the isoalloxazine ring must be reoxidised by 
molecular oxygen. This occurs in a two step process proceeding via a radical 
intermediate as shown in Figure 1.17 [18]. 
1.2.1.2 Copper Dependent Oxidases 
Though the majority of alcohol oxidases contain flavin cofactors, some important 
enzymes in this class such as galactose oxidase and hexose oxidase are copper 
dependent proteins. In general copper containing enzymes can be mono-, di-, or 
trinuclear (Types 2, 3 and 1 respectively). The best characterised copper proteins are 
the Us of which galactose oxidase (GO) (1.1.3.9) from Fusarium sp. is the best 
characterised of these. 
14 
Introduction 
Galactose oxidase is involved in the primary metabolism of various low level 
eukaryotes. It possesses a unique active site in which the copper ion is equatorially 
ligated by His496, His581, Tyr272 and a solvent molecule and axially ligated by 
Tyr495. GO belongs to the copper-tyrosyl subset of copper enzymes, with the 
tyrosyl radical being generated by the crosslinking of Tyr272 to Cys228. This 
crosslinking occurs as a post-translational modification. Additionally, the indole 
ring of Trp290 is stacked above the thioether bond stabilising and protecting it from 
attack by solvent[19]. 
Tyr 495 
His 581 
8496 	 Tyr 272 
Trp2ecl 
Figure 1.19. Active site of galactose oxidase. This model is based on crystallographic 
data (PDB entry Igog). The grey sphere represents a solvent or small molecule binding site 
[20]. 
The oxidation of galactose oxidase occurs via a ping pong turnover reaction (Figure 
1.20) similar to the flavin dependent oxidases described above. In the first half 
reaction galactose bind to the copper-tyrosyl complex simultaneously reducing 
Cu(II) to Cu(I) and the tyrosyl radical to Tyr. Following release of the aldehyde, 
molecular oxygen binds to the reduced copper-tyrosine complex and reoxidises 
both components to their original state. In the process molecular oxygen is reduced 
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Figure 1.20. Ping pong reaction mechanism of galactose oxidase. In the first half 
reaction the substrate binds the copper-enzyme complex reducing it. After release of the 
oxidised substrate, molecular oxygen oxidises the copper-enzyme complex, with its 
concomitant reduction to hydrogen peroxide [20]. 
Galactose oxidase is a mononuclear (T2) copper enzyme. When isolated the typical 
GO is a mix of semi-reduced Cu(II)-Tyr and active oxidised Cu(II)-Tyr.. The 
oxidation of substrate alcohol proceeds via a three component half reaction as 
shown in Figure 1.21. 
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Figure 1.21. Galactose oxidase reaction mechanism. Oxidation of the substrate alcohol 
is accomplished via a three step mechanism, starting with proton transfer (left) followed by 
single electron transfer (middle) and finishing with hydrogen atom transfer (right) [20]. 
First the oxygen atom of the substrate alcohol is coordinated to the copper ion, 
followed by proton transfer to Tyr495. Second a single electron is transferred to the 
alcohol with simultaneous breaking of the C-H bond and ketone formation. 
1.2.1.3 Non-heme Iron Dependent Oxidases 
Though non-heme iron centres are commonly found in nature, they are not common 
within the alcohol oxidases. Where non-heme iron centres are involved in the 




Therefore their presence is a rather special case in the alcohol oxidases. Where they 
are reported they are not part of the active site, as in glucose oxidase [21]. The only 
reported cases of non-heme iron alcohol oxidases using no other metals or cofactors, 
are involved in the oxidation of polyvinyl alcohol. Of the known PVA oxidising 
enzymes, three of these are thought to contain non-heme iron centres. These are 
discussed in more detail in Section 1.3. Their mechanism have not been studied in 
detail however, therefore no conclusions can be drawn as to the role of the iron 
atoms found in these enzymes. As no other alcohols oxidases are known to function 
only with iron, their mechanisms remain obscure. 
1.2.2 Biocatalysis with alcohol oxidases 
The use of biocatalysts for the oxidation of alcohols has received a great deal of 
attention in the last decades, especially the use dehydrogenases in whole cell 
biotransformations or with isolated enzymes using cofactor recycling strategies. 
Currently, many processes employ alcohol oxidases to obtain aldehydes and 
ketones from the primary and secondary alcohol substrates. However, there is still 
enormous potential to develop more of these biocatalysts. Some examples of 
particular interest are discussed below. 
1.2.2.1 Biocatalysis with primary alcohol oxidases 
Galactose oxidase (EC 1.1.3.9) catalyses the oxidation of D-galactose to D-galacto-
hexodialdose. It is a copper protein which, apart from galactose, can catalyse the 
oxidation of a number of sugars such as lactulose and raffinose. 
H 




OH galactose oxidase 	 OH  
OH 
Figure 1.22. The galactose oxidase reaction scheme. 
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Galactose oxidase is also able to oxidise some small primary alcohols such as 
dthydroxy acetone and 2-propyne-1-ol [5, 221. 
Alcohol oxidase (EC 1.1.3.13) oxidises small primary alcohols, such as methanol and 
ethanol to the corresponding aldehyde and is also able to oxidise small primary 




Figure 1.23. The alcohol oxidase reaction scheme. 
Recently galactose oxidase and alcohol oxidase have been reviewed and compared 
side by side [22]. To date the characterisations of these enzymes had often been 
carried out by different groups using differing assays and substrates. To rationalize 
the activity of both enzymes, their activities were assayed under the same 
conditions using the same panel of 29 substrates. Results of this screening revealed 
different but complementary activity, as described above. The few compounds, 
such as hydroxyacetone, benzyl alcohol and 1,4-butanediol where the enzymes 
overlapped in their substrate specificity, were cases where both enzymes showed 
very weak activity. This work in effect confirms the need for further development 
of primary alcohol oxidases, to complete the biocatalysis 'toolbox' of enzymes 
necessary to cover the range of relevant substrates. Galactose oxidase is currently 
being engineered by members of the Turner group, to greatly expand its substrate 
specificity, not only to a greater number of primary alcohols, but to some secondary 
alcohols as well (unpublished work). 
1.2.2.2 Biocatalysis with secondary alcohol oxidases 
Secondary alcohols are important chiral centres in pharmaceutical and fine chemical 
compounds. A number of systems have been successfully developed to prepare 
enantiopure secondary alcohols, i.e. the stereoinversion of 6-hexen-2-ol described in 
Section 1.1.3.2. The use of glycolate oxidase (EC 1.1.3.15) from spinach leaves has 
been successfully applied to the kinetic resolution of 2-hydroxy acids, resulting in 
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the retention of the (R)-enantiomer and the oxidation of the (S)-enantiomer to the 
2-keto acid as shown in Figure 1.24 [23]. 
OH 
OH 
R L f glycolate oxidase 
7 
02 	 H202 
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OH 
Figure 1.24. The glycolate oxidase catalysed resolution of 2-hydroxy acids. 
To further expand the scope of secondary alcohol oxidation, not only must existing 
enzymes be further developed, such as the engineering of galactose oxidase, but 
novel oxidases must be discovered and characterised. Polyvinyl alcohol oxidase, 
produced by Brevundimonas vesicularis (formerly Pseudomonas vesicularis) is of 
particular interest, due to its broad substrate range [5]. This enzyme is the focus of 
the research presented in this thesis, and its background is discussed in depth in the 
following section. 
1.3 Polyvinyl alcohol and PVA Degrading Bacteria and Enzymes 
Polyvinyl alcohol (PVA) is a water soluble synthetic polymer that is mass-produced 
worldwide at a rate of hundreds of thousands of tons per year [24]. The high level 
of production of this plastic, is a result of the great demand for a broad range of 
PVA containing products. PVA is widely used in the manufacture of adhesives, 
paper coatings, surfactants and films and as an additive in the wood, tannery, paint, 
textile, and agricultural industries [24, 25]. High usage of PVA, especially in the 
textile, dyeing and paper industries, generates large amounts of PVA-containing 
waste water which, because of slow biodegradation of PVA, can lead to heavily 
polluted streams, rivers and marine environments. This pollution affects the life 
cycle of aquatic organisms in part due to its direct toxicity as well as by limiting and 
altering gas exchange, causing changes to the aquatic ecosystem [24, 25]. 
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Polyvinyl alcohol has been used in industry for decades, and so has been a concern 
to environmental engineers for as long. A great deal of research has therefore been 
done on ways of removing or degrading PVA in industrial waste water. As early as 
1936, it was observed that PVA was subject to biodegradation by micro-organisms. 
F.F. Nord, in his letter to Naturwissenschaften, reported that Fusarium lini secreted a 
so-called dehydratase that was able to breakdown PVA, generating carbon dioxide 
and water [26]. To date, various species of the genus Pseudomonas are the most 
commonly studied bacteria in the field of PVA degradation. These include 
Pseudomonas sp.[27, 28], Pseudomonas sp. VM15C [29-36], Pseudomonas putida VM15A 
[29-36], Brevundimonas (formerly Pseudomonas) vesicularis var. povalolyticus strain 
PH [1, 37-391, Brevundimonas (formerly Pseudomonas) vesicularis PD [40] and 
Pseudomonas borealis [41, 42]. Besides the Pseudomonads, bacteria such as Alcaligenes 
faecalis [43, 441, Bacillus megaterium [451, Microbacterium barkeri [46] and Paenibacillus 
amylolyticus [46] have also been studied. 
In the context of this project all of the above organisms can be considered sources of 
potentially enantioselective secondary alcohol oxidising or dehydrogenating 
enzymes. As all of the studies on these organisms were focused on the clean up of 
an environmentally harmful synthetic polymer, no work had been carried out to 
determine if any of these enzymes were in fact enantioselective. 
1.3.1 Biodegradation of poly(vinyl alcohol) by Pseudomonads 
The problem of poly(vinyl alcohol) contamination of waste water came to the 
attention of Japanese environmental engineers in the 1970s, which led them to 
rigorously examine systems that would degrade PVA in industrial waste water. 
This section will cover the work leading up to and including Kawagoshi and Fujita, 
who are responsible for discovering and characterising polyvinyl alcohol oxidase 
(PVAO), the enzyme under study in this thesis. A short section will follow covering 
PVA degrading organisms after their work. 
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1.3.1.1 Suzuki et al. enzymes 
Suzuki and co-workers carried out the first detailed study of PVA biodegradation 
by a Pseudomonad. Pseudomonas borealis was isolated from a mixed soil sample by 
its ability to grow on PVA as the sole carbon source [42]. The culture supernatant 
was purified and PVA degrading activity tracked through the purification steps 
until pure enzyme was obtained. This enzyme was determined to be an oxidase as 
it used molecular oxygen and produced hydrogen peroxide in a 1:1 ratio when 
challenged with PVA. It was assumed that the oxidase acted randomly on the 
polymer leading to the formation of chemically unstable -diketones which were 
presumed to be followed by spontaneous hydrolysis of the oxidised PVA as shown 
in Figure 1.25. 
PVA oxidase or 
dehydrogenase 
........... ....... 'r~ 	. 	.................................... I ............. ...... Y 




Figure 1.25. PVA degradation scheme proposed by Suzuki and co-workers. 
Gas-liquid chromatography revealed that the degradation products were carboxylic 
acids and methyl ketones, leading to the proposed mechanism [47]. 
This oxidase also had the ability to oxidise some low molecular weight secondary 
alcohols with carbon chain lengths greater than five, such as 2-penatnol, 2- and 
3-hexanol, 2-, 3- and 4-heptanol, but was unable to oxidise low molecular weight 
diols like 2,3-butanediol or 1,3-butanediol [41]. 
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1.3.1.2 Watanabe et al. enzymes 
Watanabe and co-workers investigated a PVA degrading activity in an unknown 
species of Pseudomonas (later found to be Brevundimonas vesicularis strain PD) [40]. 
This activity was detected by measuring the decreasing viscosity of the PVA 
solution. It was also associated with H202 production, indicating the presence of an 
oxidase, which was named Secondary Alcohol Oxidase (SAO). Time course 
experiments revealed a lag time between H202 production and viscosity decrease, 
suggesting a two enzyme system with the second enzyme actually cleaving the 
polymer. This postulated second enzyme, however, was undetectable by disc 
electrophoresis [27]. 
To confirm the existence of this enzyme, the authors attempted to separate the 
activities by subjecting the culture supernatant to successive gel filtrations until they 
obtained fractions that generated H202 but could not degrade the PVA. The 
purified oxidase was then used to prepare a solution of oxidised PVA. The oxidised 
PVA solution was used to assay fractions that were able to decrease the solution's 
viscosity but not oxidise standard PVA. These fractions were deemed to contain the 
undetectable second enzyme that cleaved the polymer. This enzyme did not require 
dioxygen or other electron acceptors for hydrolysis of PVA, but led to viscosity 
reduction and a drop in solution pH with a concomitant increase in carboxylic acid 
concentration [24] (carboxylic acids are one of the breakdown products of 
hydrolysis). The enzyme was therefore identified as a hydrolase and so named 
Oxidised PVA Hydrolase (OPH) (later renamed -diketone hydrolase) [27]. 
SAO was examined in detail, which revealed a basic isoelectric point of 10.3 with 
maximum activity achieved at pH 7.0 and 50°C, and with stability in the ranges of 
pH 4.5-9.0 and up to 50°C. The enzyme was found to have a molecular weight of 
approximately 50 kDa, to be pink in colour and to contain one non-heme iron atom 
per molecule [28]. 
Further studies on Pseudomonas sp. revealed the presence of a second set of PVA 
degrading enzymes with an acidic isoelectric point. These were called Secondary 
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Alcohol Oxidase II (SAOII) (pI 4.5) and Oxidised PVA Hydrolase II (OPHII) (p1 5.1). 
These enzymes co-purified but were successfully separated by dye-ligand 
chromatography which retained OPHII. Other than pI, these enzymes were very 
similar to their alkaline counterparts (Table 1.1). SAOII was found to contain one 
non-heme iron and consumed one molecule of dioxygen per molecule of H202 and 
per molecule of ketone produced. It was also able to oxidise a range of low 
molecular weight secondary alcohols. Like OPHI, OPHII lacked a cofactor, but led 
to a decreased viscosity of oxidised PVA solutions, while reducing solution pH with 
a concomitant increase in carboxylic acid content and low molecular weight PVA 
units [48, 49]. 
Table 1.1. Properties of SAOs and OPHs (BDH) 
SAO SAOII OPH (BDH) OPHII 
p1 10.3 4.5 10.0 5.1 
pH range 4.5-9.0 max: 7.0 5.0-9.0 max: 7.0 6.0-7.0 max: 6.5 6.0-9.0 max: 6.5 
Temp. range (C) :550 :545 :545 545 
MW 50 000 40 000 38 000 36 000 
cofactor non-heme Fe non-heme Fe none none 
Further studies on SAO and OPH elucidated the pathway of PVA degradation 
(Figure 1.26). SAO oxidised small aliphatic -diols and -ketols to -diketones 
which were then hydrolytically cleaved by OPH. OPH could not hydrolyze cyclic 
-diketones, 13-diketones attached to carboxyl groups, mono-ketones or -ketols. 
4,6-Nonanediol was used in the key study to elucidate the proposed mechanism. 
SAO oxidised 4,6-nonanediol to 6-hydroxy-4-nonanone, some of which underwent a 
second oxidation giving 4,6-nonanedione as detected by gas chromatography. 
4,6-nonanedione was then hydrolysed by OPH to 2-pentanone and n-butyric acid, 
again confirmed by gas chromatography. 
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Figure 1.26. PVA degradation scheme proposed by Watanabe and co-workers. 
As shown in Figure 1.26, when the carbon chains flanking the -diketone group 
were of differing lengths, hydrolysis occurred at the shorter side, resulting in a 
methyl ketone on the shorter chain and a carboxylic acid on the longer chain. Due 
to its specificity for -diketones, OPH was renamed -diketone hydrolase (BDH) 
[50]. 
1.3.1.3 Shimao et al. enzymes 
Shimao and co-workers discovered a PVA degrading activity in a microbial mixed 
culture. No activity was observed when the strains were grown in axemc culture. 
The two strains, Pseudomonas sp. VM15C and Pseudomonas putida VM15A were 
found to be obligate symbionts when PVA was the sole carbon source, with 
Pseudomonas sp. producing the PVA degrading enzymes and P. putida supplying 
pyrroloquinoline quinine (PQQ), an essential growth factor. The PVA degrading 
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activity was found in the culture supernatant, cell membrane fraction and in the 
intracellular fraction of Pseudomonas sp. VM15C. Two enzymes with PVA oxidising 
activity were purified from the membrane fraction and were characterised. 
The first of these enzymes, an oxidase, was also found in the culture supernatant in 
large quantities when PVA was included in the culture medium. When PVA was 
omitted from the medium, the oxidase was then primarily found in the cytosolic 
fraction, indicating that the oxidase was constitutively expressed, but only secreted 
in the presence of PVA. As in previous studies, questions arose as to the mechanism 
triggering release of PVA oxidase; poly(vinyl alcohol) is a large synthetic polymer, 
too bulky to be transported into the cell. It was presumed that some smaller 
metabolic beak-down products of PVA were able to enter the cell and trigger the 
signal cascade. PVA oxidase was poorly expressed when cells were fed on glucose, 
presumably due to a repression mechanism active when there was an adequate 
carbon source other than PVA. 
The purified oxidase did not contain PQQ, nor did it require PQQ to oxidise PVA. 
This enzyme accounted for the small background PVA oxidising activity found in 
axenic cultures (lacking the PQQ cofactor cross-fed from P. putida VM15A) of 
Pseudoinonas sp. VM15C, where PVA was not the sole carbon source. PVA oxidase 
used molecular oxygen as its terminal electron acceptor, but was also able to oxidise 
PVA when using phenazine ethosulfate (PES) and other artificial electron acceptors 
[34, 35]. 
In addition to PVA oxidase, the membrane fraction primarily contained a PQQ-
dependent PVA dehydrogenase (PVADH). Axenic cultures of Pseudomonas sp. 
\TM15C could not grow on PVA alone, and showed very little oxidase activity when 
media was supplemented with additional sources of carbon. It was therefore 
thought that VM15C expressed the apo-dehydrogenase, requiring the presence of P. 
putida VM15A, or at least its culture supernatant, to supply the necessary PQQ to 
convert it to the holo-enzyme. This was supported by the fact that PVADH showed 
typical preincubation behaviour, consistent with previous observations of apo-
quinoproteins [34]. PVA dehydrogenating activity was linked to reduction of the 
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membrane fraction cytochromes, indicating that ATP synthesis might be coupled 
with PVA dehydrogenation by PVADH. Quinoprotein dehydrogenases had 
previously been observed to be coupled with respiratory chains [35]. On that basis, 
it was proposed that PQQ functioned to take up energy generated after PVA 
dehydrogenation by PVADH as a coenzyme, and through the bioenergetic 
mechanism it acted as an essential growth factor for PVA utilisation. 
Further research with ND1, a PVA oxidase deficient mutant strain of VM15C, 
revealed that PVA oxidase was not essential for PVA utilisation, indicating that its 
role was to accelerate PVA utilization through extracellular PVA degradation, as 
evidenced by the faster growth and PVA degradation rates of strain \TM15C 
compared to mutant strain ND1 [ 351. 
The gene (pvaA previously named pdh) encoding the PQQ-dependent PVA-
dehydrogenase was cloned and the nucleotide sequence of the full structural gene 
was determined. PVA-dehydrogenase was expressed in Escherichia coli, and further 
characterised. Putative functional sites were identified including a lipoprotein 
signal sequence, a heme c binding site and a PQQ binding site. PVADH expressed 
in E. coli clones was wholly dependent on the addition of PQQ for its activity, 
confirming that as in strain VM15C, E. coli expressed the apo-enzyme. E. coli does 
not produce PQQ. PVA dehydrogenation dependent reduction of heme c occurred 
in the cell extracts of the E. coli clones, suggesting that heme c participates in 
respiratory chain electron transfer as a prosthetic group, along with PQQ [36, 51]. 
As previously seen with other PVA degrading bacteria, a PVA hydrolase is 
necessary for final breakdown of PVA after oxidation by PVA oxidases or 
dehydrogenases. Pseudomonas sp. VM15C was no exception, producing a 
diketone hycirolase which Shimao et. al. called oxidised PVA hydrolase (OPH). The 
structural gene (pvaB) encoding OPH was cloned and its complete nucleotide 
sequence determined. OPH was then expressed in E. coli and characterised. The 
expressed pvaB product was 379 amino acids in length and contained a lipoprotein 
signal sequence and a lipase consensus sequence [36]. 
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The presence of the lipoprotein signal sequence indicated the enzyme was possibly 
membrane-bound. The deduced amino acid sequence of the pvaA product, PVADH, 
also contained a lipoprotein signal sequence, and was membrane bound. Therefore, 
it was thought that the presence of both enzymes was required at the cell surface for 
PVA degradation [36]. 
The lipase consensus sequence suggested that OPH might be a serine hydrolase. 
Further confirmation came from the complete inhibition of the enzyme by 
Phenylmethylsulfonyifluoride (PMSF) [36]. 
Shimao et al. found evidence that the genes pvaA and pvaB constituted an operon in 
the order pvaBA. In the work leading to the cloning of pvaA no promoter sequence 
was found upstream of the open reading frame (ORF), but a putative termination 
sequence was found downstream of the termination codon. An incomplete ORF 
was found upstream of the gene. In the cloning of pvaB, a sub-genomic library was 
made and the known sequence of pvaA was used to design a probe that was used to 
identify DNA fragments which would contain the region upstream of the gene. 
Positive clones were picked and expressed in F. coli. Those clones that expressed 
the PVADH activity with or without IPTG induction were considered to contain the 
native promoter of the putative operon, indicating that the entire upstream portion 
of the operon had been cloned. The region upstream of pvaA was sequenced, 
revealing an ORF encoding the oxidised PVA hydrolase. 
H 	H 	 IT 
Figure 1.27. The operon pvaBA. P: promoter, S: Shine-Dalgarno sequence, T: termination 
sequence. 
Following this confirmation, the entire operon was sequenced, revealing its 
organisation as shown in Figure 1.27 [36, 511. 
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The enzyme OPH was found to hydrolyse oxidised PVA at -diketone groups 
formed by the action of PVADH. Since PVADH is able to oxidise monohydroxyl 
compounds, the question arose as to whether the -diketone groups occurred 
randomly or whether PVADH selectively oxidised vicinal pairs of hydroxyl groups. 
The action of PVADH on PVA was further studied using UV-spectroscopy, since 
13-diketone groups absorb UV energy at 300 nm. Results of spectroscopy showed a 
linear increase of p-diketone groups, compared to monoketone groups, indicating 
selective oxidation of vicinal pairs of hydroxyl groups. This selective oxidation 
appeared to proceed stepwise, going through the monoketone before final oxidation 
to the -diketone [36]. 
Based on the above evidence, a pathway of PVA degradation by \TM15C  was 
proposed (Figure 1.28). PVA was dehydrogenated by PVADH, twice, at vicinal 
hydroxyl groups, via the reduction of two equivalents of PQQ (supplied by VM15A) 
and subsequent reduction of heme c and membrane cytochromes. The oxidised 
PVA was then cleaved at the C-C bond between the -diketone groups, or 
spontaneously hydrolysed to yield a carboxylic acid and a methyl ketone, OPH 
accelerating degradation [36]. 
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Figure 1.28. Proposed PVA degradation mechanism by Shimao etal. [36]. 
1.3.1.4 Kawagoshi and Fujita enzymes 
Kawagoshi and Fujita carried out a series of studies on the PVA degrading enzymes 
found in Pseudomonas vesicularis var. povalolyticus strain PH. In 1996, this 
organism's taxonomic classification was changed. Pseudoinonas vesicularis strain PH 
was a gram negative, motile bacterium of the Domain Bacteria, Phylum 
Proteobacteria. Based on comparison of its 16S RNA sequence to that of other 
Proteobacteria, P. vesicularis was reassigned from the Class Gammaproteobacteria to 
Alphaproteobacteria (Order Caulobacterales, Family Caulobacteracea), and 
therefore, to the new genus, Brevundimonas [52]. Consequently, the correct binomial 
nomenclature for this organism is Brevundiinonas vesicularis; however, all of the 
literature concerning PVA degradation and biocatalysis still refers to it as 
Pseudomonas vesicularis. The updated nomenclature will be used in this thesis. 
However, when referring to the literature it is important to note that the terms 
Pseudomonas vesicularis and Brevundimonas vesicularis can be used interchangeably. 
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As previously reported for other species, this organism degrades PVA via 
enzymatic oxidation of the PVA to the -diketone and subsequent enzymatic 
hydrolysis by a -diketone hydrolase. The enzymes in question expressed by this 
strain are polyvinyl alcohol oxidase and 2,4-pentanedione hydrolase (2,4-PDH). 
Table 1.2. Characteristics of strain PH [1]. 
Shape rod, 0.2-0.4 by 1.4-1.8 pm 
Motility motile 
Gram stain negative 
Colour of colonies yellowish brown to brown 
Pigmentation diffusible brown pigment 
Accumulation of PHB negative 
Growth factors thiamine 
growth at 41 C negative 
Arginine dihydrolase negative 
Oxidase positive 
Catalase positive 
0-F test oxidative 
Gas production from glucose negative 
Nitrate reduction positive 
Denitrification negative 
Indole production negative 
V-P test negative 
H25 production negative 
Citrate utilization negative 
Hydrolysis of starch negative 
gelatine negative 
PHB negative 
Tween 80 negative 






Initial work carried out by Hashimoto and Fujita isolated PVA degrading bacteria 
from activated sludge samples. Degradation activity was dependent on specific 
nutritional requirements. The bacteria required thiamine in addition to three amino 
acids: tyrosine or phenylalanine, isoleucine and cysteine. Taxonomic identification 
was carried out, and according to the characteristics set out in "Bergey's Manual," 
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9th Edition [53]. (Table 1.2), the organism was identified as a new strain of 
Pseudomonas vesicularis. Strain PH was gram negative and motile with a single polar 
flagellum. It formed yellowish brown to brown colonies and produced a diffusible 
brown pigment [37]. 
PVA oxidase was constitutively expressed in P. vesicularis strain PH but not secreted 
under all conditions. In cultures containing dissolved PVA, maximum growth of 
strain PH occurred after 60 h with maximum intracellular activity at 50 h. 
Extracellular activity continued to increase after 50 h while intracellular activity 
decreased, suggesting secretion of the enzyme. In cultures lacking PVA, little or no 
extracellular PVA oxidase was observed. Due to the size of the PVA chains, it 
seemed unlikely that PVA was the inducer of enzyme secretion, as it would be 
difficult for the molecules to enter the cell. It was suggested that high level secretion 
of PVA oxidase was induced by breakdown products of PVA. These PVA 
oligomers would be degraded as a result of low level basal secretion of the enzyme, 
which allowed this positive feedback system to operate [38]. 
In a further study by Kawagoshi and Fujita [1], PVA oxidase was purified and 
characterised. Purification was achieved by fractionation of the culture supernatant 
with ammonium sulfate at 65% of saturation, followed by Q-sepharose column 
chromatography, dye-ligand chromatography on AF-blue Toyopearl 650 ML, and a 
final Q-sepharose to yield a single band by SDS-PAGE. The molecular weight of 
denatured PVA oxidase was estimated to be 85 KDa by SDS-PAGE and the native 
enzyme was about 75 KDa by gel filtration. These results indicated that the enzyme 
was a monomeric protein. The isoelectric point was found to be 5.7 by isoelectric 
focusing. In unpublished work, the authors found that PVA oxidation was coupled 
to hydrogen peroxide production confirming that the enzyme was an oxidase[54]. 
Purified PVA oxidase solution was colourless, with absorption maxima at 222 nm 
and 280 nm and a slight shoulder at 300 run. The enzyme solution was assayed for 
iron content and was found to contain one atom of iron per enzyme molecule. pH 
and temperature stability studies, revealed that the enzyme was consistently stable 
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between pH 6.0 and 10.0 and up to 45°C. Maximum activity was achieved at pH 
10.0 and 40°C. 
PVA oxidase activity towards several types of alcohols was tested (Table 1.3), with 
the enzyme showing strong ability to oxidise aliphatic secondary alcohols, some 
cyclic alcohols and some aromatic alcohols [1]. 
Table 1.3. Substrate specificity of PVA oxidase from strain PH [1]. 
Substrate 	 Relative activity 	Substrate 	 Relative activity 
PVA 	 100 
Primary Alcohols 
methanol 0 ethanol 0 
propanol 0 butanol 1 
pentanol 0 hexanol 0 
heptanol 0 octanol 0 
decanol 0 12-ethanediol 0 
1 ,3-propanediol 0 1 ,4-butanediol 3.3 
1 ,5-pentanediol 0 1 6-hexanediol 0 
1,8-octanediol 0 1,10-decanediol 0 
penta erythritol 0 
Secondary Alcohols 
2-propanol 3.5 2-butanol 47.3 
2-pentanol 36.3 3-pentanol 14.6 
2-hexanol 65.4 3-hexanol 47.3 
2-heptanol 75.1 3-heptanol 68.8 
4-heptanol 96.6 2-octanol 82.9 
4-decanol 100 1,2-propanediol 3.2 
1,3-butanediol 1.5 2,4-pentanediol 19.3 
2,5-hexanediol 3.8 1 ,2,3-propanetriol 0 
Tertiary Alcohols 
tert-butanol (sic) 0.9 pinacol 0 
Cycloalkyl 	Alcohol 
cyclohexanol 41.8 L-menthol 3.3 
1 ,4-cyclohexanol 0 
Aromatic Alcohols 
benzyl alcohol 13.7 catechol 4.4 
Others 
mannitol 0 sorbitol 0 
lactic acid 0 malic acid 0 
citric acid 0 glycolic acid 0 
glucose 0 sucrose 0 
fructose 0 
2,4-Pentanedione hydrolase, the enzyme responsible for the cleavage of oxidised 
PVA, was purified and characterised in a further study by Kawagoshi and Fujita. 
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Purification proceeded by assaying fractions for hydrolase activity. No specific 
enzymatic by-products can be measured from hydrolases, which was problematic 
for hunting down the activity. The authors, therefore, presumed that the 
mechanism of degradation was similar to that of other PVA degrading bacteria. 
With this assumption, they used a model -dilcetone compound, 2,4-pentanedione, 
which they added to the various purification fractions. Where 2,4-PDH was 
present, acetic acid and acetone were formed; a carboxylic acid and a methyl ketone 
just as in the Shimao and Watanabe studies. These hydrolysis products were 
measured by GC. By following the production of acetic acid and acetone, the 
enzyme was purified to homogeneity. Native 2,4-PDH had an estimated molecular 
mass of 65 KDa by gel filtration and the denatured enzyme was 75 KDa by 
SDS-PAGE, indicating a monomeric protein. 
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Figure 1.29. PVA.degradation mechanism based on PVA oxidation by PVAO and 
hydrolysis of 2,4-pentanedione by 2,4-PDH. 
Oxidised PVA was able to spontaneously degrade, due to the instability of the 
13-diketone groups. However, 2,4-pentanedione hydrolase accelerated the process 
as measured by time course experiments of viscosity decrease. Based on the above 
evidence it was suggested that the pathway of PVA degradation is similar to that of 
other PVA degrading bacteria (Figure 1.29) [1]. 
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1.3.2 Other PVA degrading organisms 
Since the work by Kawagoshi and Fujita on Poly(vinyl alcohol) oxidase and 
2,4-pentanedione hydrolase, other PVA degrading organisms have been discovered, 
all of which produce enzymes that are potentially able to oxidise secondary 
alcohols. It is not known whether any of the enzymes are stereoselective. 
Hatanaka et al. [55-57] discovered another PQQ-dependent PVA dehydrogenase in 
Pseudomonas sp. 113P3. Unlike the PQQ-dependent PVADH discovered by Shimao 
et al., this strain produced its own PQQ, and was therefore able to grow on PVA as 
its sole carbon source in axenic culture. This PVADH was found only in the cell free 
extract, even when PVA was present in the culture medium and it was not found in 
the membrane fraction. Unlike other Pseudomonads, secretion of the PVA 
degrading activity could not be induced under any conditions. The cell must 
therefore be permeable to large polymer chains. Although this is unusual, it is not 
unique: there are examples of internal degradation of polyethylene glycol (PEG) 
[24]. Another unusual aspect of this enzyme is that it acted by oxidising -diols 
directly to the 13-ketone, not via the -ketol. 
Matsumura and co-workers isolated a single enzyme from Alcaligenes faecalis that 
was able to carry out all the steps of PVA degradation [44]. That is, it was able 
oxidise the PVA chain and cleave it. They appropriately named this enzyme the 
PVA-degrading enzyme. This enzyme was a PQQ-dependent PVA dehydrogenase 
in its holo- form, but in its apo- form acted as an aldolase. 
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Figure 1.30 PVA degradation scheme proposed by Matsumura et. al. 
Elucidation of this unique mechanism (Figure 1.30) was carried out by tracking the 
degradation of an isotactic vinyl alcohol trimer, by electrospray mass spectrometry, 
13C4\JMR and 1H4...JMR 
Mori et al. isolated a secondary alcohol dehydrogenase (SADH) from a strain of 
Geotri chum fermen tans that was able to degrade vinyl alcohol oligomers. Although 
not a very useful enzyme in the context of this project, due to instability, rapid 
activity loss and a requirement for NAD, it is the only example in the literature of 
an enantioselective PVA-degrading enzyme. SADH was tested with the separate 
enantiomers of 2-hexanol and the isotactic enantiomers of 2,4-pentanediol (Table 
1.4). 
Table 1.4. Kinetic values for oxidation of enantiomers by SADH from G. fermentans 
[58]. 
Enantiomer Vmax (U/mg) KcatlKm 
S-2-pentanol 62.2 436.4 
R-2-pentanol 19.8 2.9 
2S,4S-pentanediol 15.3 4.7 
2R,4R-pentanediol 
	 Zug 	 iI] 
It was found to be highly S. selective for the two compounds tested. Although an 
interesting result, this enzyme had very little activity toward PVA with a degree of 
polymerization of more than 20 [581. Therefore, no inferences can be drawn as to 
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whether PVA degrading enzymes tend to show high enantioselectivity when 
oxidising PVA or low molecular weight secondary alcohols. 
1.4 Project Aims 
Within the larger context of biocatalysis, the goal of the overall project was to 
continue the ongoing development of useful biocatalysts with the intention of 
adding to the ever increasing arsenal of practical enzymes used in chemical 
synthesis at all scales, as well as to validate methods that result in enantiopare 
compounds. More specifically, the work in this thesis was initiated with the 
intention of developing a novel secondary alcohol oxidase that could be used in the 
deracemisation of chiral secondary alcohols. This oxidation step represents half of 
the overall process of deracemisation, with the other half coming from the 
nonspecific chemical reduction. After the successful development of the oxidase, 
the development of the chemical reduction would necessarily follow. 
For this deracemisation process to work, the first step was to gain the ability to 
reliably and quickly obtain sufficient quantities of the biocatalyst in a way that 
would allow the reactions to proceed with minimal preparation time and effort. 
Ideally, this would be achieved by using partially purified enzyme from the wild 
type organism. However this proved impractical, as B. vesicularis was difficult to 
cultivate. To overcome this problem, the gene encoding PVA oxidase needed to be 
cloned and expressed in a new host which allowed for simple handling and fast 
growth rates with over expression. 
The development of polyvinyl alcohol oxidase was in itself a multi-step process and 
the strategy for achieving a functional biocatalyst is detailed below. The first step 
was to isolate the enzyme. This would be achieved, first by isolation of the 
organism which was obtained in mixed culture, followed by optimisation of growth 
conditions. Once this had been carried out, purification of the enzyme could 
proceed. Although a purification method was available in the literature, it did not 
seem to work when applied with the materials available to this project. Therefore, a 
new method had to be developed. Once the enzyme had been purified, amino acid 
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sequencing could be carried out, which would allow for the subsequent molecular 
biology steps necessary to discover the DNA sequence of the gene encoding PVA 
oxidase. With the successful completion of this cloning, recombinant PVA oxidase 
could then have been optimised in deracemisation processes. Unfortunately the 
time allowed this project elapsed before the gene could be isolated. 
Despite, the lack of success in cloning PVA oxidase, a partially purified solution of 
the wild-type enzyme was used to carry out some validation experiments on several 
chiral secondary alcohols. These established that this enzyme possessed a high 
degree of enantioselectivity, which is a prerequisite of any biocatalyst used in the 
cyclic deracemisation process. The following chapters will detail the steps taken to 
achieve the stated aims, followed by analysis and interpretation of the results. 
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2 Results and Discussion: Microbiology & Enzymology 
Brevundimonas vesicularis strain PH was isolated on the ability to degrade poly(vinyl 
alcohol) [37]. This ability is conferred by the production of two enzymes: an oxidase 
and a hydrolase, the first which oxidises PVA to a -diketone, whilst the second 
hydrolyses a C-C bond between the ketone groups. In the context of this project, 
strain PH was of interest for the above mentioned oxidase, called polyvinyl alcohol 
oxidase (PVAO), which is known to oxidise a wide range of small secondary 
alcohols [1]. As the aim of the research was to use PVA oxidase for the 
deracemisation of secondary alcohols, the enzyme had to be purified and 
characterised. 
2.1 B. vesicularis strain PH isolation and identification 
Brevundimonas vesicularis strain PH, was discovered by Hashimoto and Fujita [37] in 
the activated sludge of a waste water treatment plant in Japan. To isolate the 
bacterium they followed the PVA-degrading activity by measuring viscosity 
decrease in solutions of PVA. Work on the enzymes responsible for PVA 
degradation was continued by Fujita and Kawagoshi [1, 38, 39, 59], who kindly 
provided the isolate used in this project. Upon receipt of the samples from the 
Fujita lab, liquid cultures were started for the purpose of making glycerol stocks of 
the Pseudomonads. Using these glycerol stocks, bacterial cultures were grown on 
TY agar plates. From these cultures it was evident that these were mixed bacterial 
cultures and it became necessary to identify Brevundimonas vesicularis and isolate it 
from the other species in the culture. 
2.1.1 Strain isolation 
Strain isolation was carried out by successive rounds of colony purification. The 
initial plate in a round of growth was usually a lawn of at least three evenly mixed 
species. A loop-full of cells was taken from this lawn and streaked out on a fresh 
plate in such a manner as to obtain single colonies. After approximately 24-48 hours 
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the first colonies became visible. In a week to ten days, colonies of what was later 
confirmed as B. vesicularis became visible and ready for further colony purification. 
In the time between the appearance of the first colonies and B. vesicularis, at least 
one other species (sometimes two) grew visible. Initially, colonies of all species 
were picked and further streaked on fresh plates, until four rounds of colony 
purification had been carried out. This was deemed sufficient to yield a plate 
containing an isolated species. This was a time intensive process, often taking more 
than a month, as B. vesicularis could take up to ten days to grow to a size that was 
visible to the naked eye. 
2.1.2 Identification of B. vesicularis strain PH 
The first two microorganisms that grew visible were a white coloured species and a 
bright yellow coloured species. After five days of growth, the white species 
appeared as large colonies of approximately 5 mm in diameter that branched out 
forming a round, filamentous colony and did not secrete any pigment into the 
surrounding agar. This did not conform to the description of B. vesicularis in colour 
or colony morphology, and it was therefore discarded as a candidate. 
The yellow species formed small round colonies of 3-4 mm diameter five days after 
streaking. This organism was initially thought to be B. vesicularis (before the first 
batches of plates had been allowed to grow long enough to notice the slow growing 
organism that was ultimately determined to be B. vesicularis) as it closely resembled 
the description given in Bergey's Manual of Determinative Bacteriology [601 and in the 
initial paper by Hashimoto and Fujita (Table 1.2) [37]. After some initial work was 
carried out on this bacterium, it was determined that it could not be B. vesicularis 
due to its lack of diffusible pigment and excessively high optical density in liquid 
culture. Additionally, attempts at protein purification did not proceed as would 
have been expected based on the published purification method [1], further 
confirming the suspicion that it was a contaminant. 
The final micro-organism to grow on these plates was light brown to brown in 
colour, formed small round colonies and did produce a diffusible brown pigment 
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around the colonies. This was the closest match to the known description of B. 
vesicularis. This was eventually confirmed to be B. vesicularis through the 
identification methods described below. 
2.1.2.1 Iodine-boric acid test for PVA degradation and replica plates 
Testing was carried out to determine if this species was able to degrade poly(vinyl 
alcohol), in order to further prove that the correct colonies had been chosen. The 
iodine-boric acid reagent turns blue-green on contact with PVA (Figure 2.2). Borate 
crossliRks PVA strands, holding them together so that a PVA-polyiodide complex 
can form (Figure 2.1), similar to the well known iodine-starch complex [611. 
Without the borate crosslinkers, the complex would be weakly held, reducing the 
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Figure 2.1. Iodine-boric acid reagent. 1) Borate crosslinks with PVA. 2) Polyiodide ion is 
formed, 1 3  is shown but I is also possible. 3) Polyiodide ion complexes with crosslinked 
PVA, the structure of which is not shown due to its complexity, giving of the characteristic 
blue-green colour. 
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The plates on which the putative strain PH was grown contained PVA (1 g/l) to 
induce secretion of the enzymes. The expressed and secreted enzymes degraded the 
PVA in the medium which caused clearing zones to appear when the plates were 
sprayed with the iodine-boric acid reagent. Where PVA was not degraded, the blue 
colouration was visible, and where it had been degraded the agar did not stain blue. 
The colouration lasted a maximum of ten minutes, fading from a very intense blue, 
through pale translucence to no colour at all. 
Figure 2.2. TY-PVA plates: A) Blank plate, B) Blank sprayed with iodine-boric acid reagent, 
and C) Plate with B. vesicular/s growth, treated with Iodine-boric acid reagent, showing 
clearing zones where PVA has been degraded by the bacteria. 
As the iodine-boric acid reagent killed the bacteria, it was necessary to duplicate the 
plates so that some live bacteria would be left to culture. At first, replica plating 
was attempted. The nature of strain PH and of replica plating methods rendered 
this approach impractical. The replicas, as with the originals, took 7-10 days to 
grow, further delaying the start of liquid cultures. Also, the replica plating method 
sometimes missed some colonies or smudged them, generating satellites, such that 
it was difficult to distinguish between colonies. The ability to resolve individual 
colonies was necessary to pick single colonies for the next step. A compromise 
solution was used: pseudo-replica plates were made by streaking out portions of a 
colony, leaving half of it behind. The remaining portion of the colony was used to 
streak out yet another plate. This allowed some of the clones to be grown and 
assayed on one plate, while leaving some living clones to continue the line on 
another plate. This did not create exact replicas, but did produce two plates grown 
from the same clone. 
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Initial experiments with plates that had been incubated for ten or more days showed 
prominent clearing zones. This was a result of long production of PVA degrading 
enzymes which had diffused through the agar and degraded the PVA throughout 
the plate. Experiments were carried out to determine if this assay could be used 
more quantitatively, in order to isolate individual colonies that degraded PVA, as 
well as to measure which colonies degraded PVA more effectively (whether 
through greater expression and/or secretion of the enzyme system or through the 
acquisition of favourable mutations, however unlikely). It was determined that 
after approximately eight days of growth, the secreted enzymes had diffused only 
so far that with colonies separated by a '-10 mm radius, individual colonies and 
their clearing zones could be distinguished from one another. Attempts at using 
this assay quantitatively were impractical because of the difficulties in measuring 
the clearing zones of individual colonies to the required degree of precision. As a 
result of this, no informed selection could be made between active colonies, 
however, this method at least allowed the desired activity to be distinguished with 
certainty. 
2.1.2.2 Light Microscopy 
Microscopy was used as a further tool in the identification of the species as well for 
ensuring clean cultures. Under 1000 X magnification, using a phase contrast 
objective, it was possible to recognise individual cells of strain PH (Figure 2.3). 
These appeared rod-like in shape and oscillated as they were propelled by their 
polar flagellum. 
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Figure 23. B. vesicularis strain PH at 1000 X magnification. B. vesicularis cells appear 
as black rods, some of which are in the process of dividing. 
This motion did not appear to propel the bacteria quickly or in any specific 
direction, but did allow a net movement in a random direction (presumably, in 
nature this net movement would be guided by the presence of some detectable 
stimulus such as a carbon source). After repeated observations, these cells could be 
easily differentiated from the other species that commonly contaminated cultures of 
strain PH. 
2.2 Bacterial growth and optimisation of enzyme secretion 
Once B. z'esicularis was identified and purified, it became possible to reliably grow 
liquid cultures to produce PVA oxidase. Liquid cultures were initially prepared 
according to the method of Kawagoshi and Fujita [1]. From the colony purified 
plates, described above, a single colony was picked to inoculate a 100 nil starter 
culture of liquid TY medium. This culture was grown for three days or up to an 
A600 of approximately 3.0-5.0. Once grown, I ml of the starter culture was used to 
inoculate 100 ml main cultures which were also grown for three days, leading to an 
A600 of approximately 7.0. PVA oxidase was constitutively expressed, but not 
secreted without the presence of PVA in the culture [38]. Therefore the growth 
medium for the cultures was supplemented with PVA (1 g/l) to induce secretion of 
PVA oxidase. 
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Scale up of the main cultures was attempted, as growing multiple 100 ml cultures 
was impractical due to handling considerations, and due to the small amount of 
PVA oxidase produced in each culture. The starter cultures were produced as 
described above. Main cultures were grown in 660 ml in 2000 ml shake flasks. 
These cultures were inoculated with 6 ml of starter culture (1% inoculum) and 
grown to an A600 of approximately 7.0, taking three days, similar to the 100 ml 
cultures. 
Within the normal variation of cultures, A600 measurements of approximately 7.0 
were the highest achieved, indicating the cultures had reached stationary phase. It 
was determined that harvesting the cultures very soon after reaching stationary 
phase did not give the highest yield of PVA oxidase. This was in agreement with 
work published by Kawagoshi and Fujita on rates of growth and enzyme secretion 
[1. Therefore, the production of PVA oxidase was further optimised by allowing 
cultures to incubate for a further 24 hours, triggering the maximum release of the 
enzyme. This was determined by measuring the oxidase activity (Section 2.3) of the 





• Stationary phase 
0.: 	. Stationary phase + 24 h I 
0 	10 	20 	30 	40 	50 	60 	70 
Time (mm) 
Figure 2.4. Comparison of PVAO activity in cultures grown to stationary phase, 
versus cultures grown 24 h beyond stationary phase. Samples of resuspended, 
ammonium sulfate precipitates of B. vesicularis culture supernatants were compared using 
the peroxidase assay (2.3.1). The rate of activity is directly proportional to the amount of 
PVA oxidase produced by the culture. 
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Higher rates of hydrogen peroxide production were detected in cultures that had 
been allowed to incubate 24 h beyond stationary phase. Presumably, the extra 24 h 
allowed the most recent generations of cells the necessary time to secrete the 
enzyme in response to the oligo-PVA triggers in solution. 
When grown 24 h beyond stationary phase, approximately 40 pg/i of PVA oxidase 
was secreted into the surround medium. This calculation is an approximation 
having been carried out by estimating the intensities of bands on SDS-PAGE. This 
method of calculation was employed due to the fact that the extinction coefficient 
was not known, and no real suitable protein standard for spectroscopic assays could 
be found as the amino acid sequence of PVA oxidase was unknown. 
2.3 Colorimetric peroxidase assay 
A reliable method of detecting and measuring PVA oxidase activity was necessary 
at various stages in the project, i.e. determination of liquid culture activity, finding 
active fractions during purification, and measuring relative reaction rates when 
testing enzyme activity. Turner et al., as well as groups studying PVA degradation 
[1, 62], commonly use colorimetric assays to measure oxidase activity. Upon 
catalysing their reactions, oxidases are reduced and require molecular oxygen for 
reoxidation of their cofactor before they can catalyse another oxidation. Hydrogen 
peroxide is produced as a bi-product of the reduction of molecular oxygen. This 
hydrogen peroxide can be detected by dye formation, and measured to determine 
rates of enzymatic oxidation. Many different dyes, including the quinoneimine 
used in this project, can be used for detection of hydrogen peroxide. 
2.3.1 Peroxidase assay 
The reaction mechanism of the peroxidase assay forming the quinoneimine dye 
proceeds as follows: hydrogen peroxide is first reduced to water by horse radish 
peroxidase (HRP) in order to oxidise 4-aminoantipurine. 2,4,6-tribromo-3-
hydroxybenozic acid then undergoes nucleophilic aromatic substitution by oxidised 
4-aminoantipurine, forming quinoneimine, the soluble dye. Quinoneimirie is 
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formed stoichiometrically with the reduction of hydrogen peroxide. Since the action 
of HRP is fast relative to the oxidase, measurements of quinoneimine at 510 nm 



















Figure 2.5. Peroxidase assay scheme, producing pink soluble dye with k,,,=510 nm. 
Measurements of oxidase activity are easily taken at given time intervals with a 
spectrophotometer. However, the practicality of the peroxidase assay extends to its 
amenability to high throughput screening methods. This assay is easily performed 
in volumes as low as 50 pl, allowing it to be carried out in 96-well plates, and 
measured on plate readers. This degree of automation not only allows up to 96 
experiments to be carried out at once, but also to run automatically for days if 
necessary, while all data is recorded automatically. 
The peroxidase assay can also be carried out in solid phase to detect the oxidase 
activity of bacterial colonies grown on plates. The solid phase assay differs from the 
liquid phase in two respects: the assay mixture is dissolved in a solution of agarose, 
which gives the solid support when cooled, and the soluble dye is replaced with an 
insoluble dye, which in this case is formed by the dimerisation of 4-chloro-1- 
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naphthol. This reaction occurs when one molecule of 4-chloro-1-naphthol is 
oxidised and thereby chemically activated by HRP. These changes in the assay 
allow the reaction mixture to be decanted into a plate covered with colonies, and 
pinpoint the one responsible for the activity. The resulting method is a simple yet 
powerful way to screen tens of thousands of colonies visually and in very little time. 
2.4 Protein purification 
In the context of this project, purification of PVA oxidase served two purposes: 
firstly to carry out initial characterisation of the protein, confirming its identity, and 
secondly, to obtain enough enzyme for amino acid sequencing by Edman 
degradation. Ideally, a single, simple purification method for obtaining pure PVA 
oxidase would have satisfied all of the projected aims for purification. This 
approach proved difficult and eventually two complementary purification schemes 
were used, depending on the application of the enzyme. One of the schemes 
resulted in pure PVA oxidase but with great loss of material. The other scheme was 
far more efficient in retaining the enzyme, however the purification was not as 
effective, resulting in a solution containing four proteins, as analysed on SDS-PAGE. 
Since the bacteria originated from contaminated stocks, it was necessary to confirm 
the existence and identity of PVA oxidase; therefore, purification to a single band on 
SDS-PAGE was required. This protein could then be assayed to confirm its ability 
to oxidise PVA, and therefore its identity. However, the method that led to this 
high degree of purification was inefficient and resulted in the loss of the majority of 
the enzyme. This method was not viable for generating the large quantities of 
material necessary for sequencing by Edman degradation (at least 100 pmol or 1000 
ng per round) that were required to carry out this step. For N-terminal sequencing, 
the purification method resulting in four bands was adequate, provided a final step 
was added, utilising a scalpel to excise the band of interest from the gel. The 
molecular weight difference between the bands resulted in enough physical 
separation on the gel to allow this to be carried out (Figure 2.13). 
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Kawagoshi and Fujita published a method for producing pure PVA oxidase in 
reasonable yield [1]. The first step in this method was ammonium sulfate 
precipitation (65% saturation) of the culture supernatant. This was followed by a Q-
sepharose fast flow column (2.0 cm x 30 cm). The enzyme eluted with 100 ml of the 
elution buffer containing 50 mM NaCl. The eluent was then concentrated, following 
which the protein solution was applied to an AF-Blue Toyopearl 650 ML column 
(dye-ligand chromatography) which retained the 2,4-pentanedione hycirolase that 
co-purified with PVA oxidase. The flow through of the AF-Blue Toyopearl column 
which contained PVA oxidase was then loaded onto another Q-sepharose FF 
column (2.0 cm x 5.0 cm). PVA oxidase was eluted in elution buffer containing 16 
mM NaCl. In the hands of Kawagoshi and Fujita this resulted in purification to a 
single band on SDS-PAGE and but with significant (80%) loss of material. Attempts 
at reproducing this method failed; however, it guided the purification scheme 
devised in this project. 
2.4.1 Chromatography: background 
2.4.1.1 Ion exchange chromatography 
Ion exchange is the most common type of adsorption chromatography. Ion 
exchangers reversibly adsorb proteins, mainly by electrostatic interactions, and rely 
on the difference in net charge between the various proteins at a given pH to effect a 
separation. There are two principal categories of ion exchangers: anion exchangers 
(positively charged exchanger group) and cation exchangers (negatively charged 
exchanger group). Within these two categories there exist various types which 
differ in substituent chemistry, degree of substitution and mode of attachment. The 
most commonly used anion exchangers are quaternary ammonium- (Q-) and 
diethylaminoethyl- (DEAE-). Both of these types contain a single positively charged 
nitrogen species. The quaternary amino group of Q exchangers remains fully 
ionised within pHs relevant to protein purification, whereas tertiary ammonium 
group of DEAE exchangers, become uncharged at high pHs, rendering it useless 
above pH 8.5. Sulfopropyl- (SP-) and carboxymethyl- (CM-) are the most common 
type of cation exchangers. SP is the 'stronger' cation exchanger, keeping its negative 
charge at pH values below 2, whereas CM is only charged above pH 4.5 [63]. 
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Table 2.1. Ion exchanger functional groups. 
Anion Exchangers 	 Functional Group 
Diethylaminoethyl- (DEAE-) 	 -0-CH2-CH2-NH(CH2C H3)2 
Quaternary ammonium- (Q-) 	 -0-CH 2-CHOH-CH2-0-CH2-CHOH-CH2-N(CH3)3 
Cation exchangers 	 - 	Functional Group 
Carboxymethyl- (CM-) 	 -0-CH2-000 
Sulfopropyl- (SP-) 	 -0-CH 2-CHOH-CH2-0-CH2-CH2-CH2S03 
After the decision to use a cation or anion exchanger, the most important factors 
affecting separation are the nature of the matrix, the density of the exchanger 
(charge density) and accessibility of the exchanger to the protein [63]. Due to 
differences in their charges, charge densities and distribution of charges on their 
surface, different proteins have different levels of interaction with the ion 
exchanger. The combined interactions of the protein and ion exchanger can be 
controlled by changing conditions such as buffer type, pH and ionic strength, 
resulting in separation of the proteins [64]. 
2.4.1.1.1 General chromatographic theory: Simplified theory of adsorption 
Some additional theory on adsorption chromatography will be dealt with here to 
clarify the reasoning behind certain choices in ion exchange columns chosen during 
purification development. 
"The interaction between a protein and an adsorbent is rarely one simple 
combination like that between an enzyme and its substrate. Many possible 
configurations of binding sites on the matrix present themselves to a protein, which 
itself may have an oligomeric quaternary structure and so offer more than one 
surface for binding... A protein might interact with two, three, or more sites giving 
a polydispersity of interaction strengths. Consequently, an array of possible 
'dissociation constants' may be expected, not necessarily evenly distributed over the 
range... For semiquantitative descriptions, one can use a single 'apparent' 
dissociation constant, and deviations from ideal behaviour due to this 
approximation can be explained by the fact that this single constant is only an 
approximation [63]." To represent this mathematically, let p equal the concentration 
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of free unbound protein in solution at equilibrium, m the concentration of free 
effective binding sites (effective binding sites are defined as those sites that are 
unoccupied and not blocked by steric hindrance of adjacent bound proteins), and q 
the concentration of matrix bound protein, then, the dissociation constant for 





The partition coefficient a can be defined as the concentration of protein adsorbed at 
a given instant in time divided by the total concentration of protein pt: 
a = 	 Equation 2.2 
Pt 
a always has a value between 0 and 1 representing the fraction of bound protein. It 
relates to the dissociation constant through the following equation, where mt is the 
total concentration of effective binding sites: 
Kp= Mt 
. (i - a) 	
Equation 2.3 
a 
With the dissociation constant and partition coefficient defined, it is easier to 
understand the rationale behind the choice of volumes and proportion of Q 
sepharose columns in sections 0 and 0 [63]. 
2.4.1.2 Hydrophobic interaction chromatography 
Hydrophobic interaction chromatography (HIC) relies on the interaction of 
hydrophobic patches on proteins with hydrophobic aliphatic chains or benzene 
rings attached to the matrix of the column. Although only the most hydrophobic 
proteins bind to these hydrophobic ligands under normal conditions, at high salt 
concentrations, almost all proteins can be bound by HIC resins. High 
concentrations of the same chaotropic salts used in salting out, such as ammonium 
sulfate, increase hydrophobic interactions. The most common adsorbents available 
are octyl (Cs-) and phenyl agaroses. One disadvantage of HIC is that sharp 
separations are difficult to achieve: since the hydrophobic association-dissociation 
process is relatively slow, these columns are not running in equilibrium mode. 
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Additionally, unlike ion exchange chromatography where like charged proteins 
repel each other, in HIC the proteins interact with each other via their hydrophobic 
patches, as well as with the adsorbent. 
2.4.1.3 Dye-ligand chromatography 
Dye-ligand chromatography is a type of affinity chromatography that uses a dye 
attached to the matrix to reversibly bind proteins. This type of chromatography is 
typically used to purify enzymes that bind purine nucleotides, though it has also 
been successfully used in many other cases. Many different dyes are available; 
however, the first developed, Cibacron Blue, is by far the most commonly used. 
H2 
H2 
Figure 2.6. Structures of (A) Cibacron Blue F3GA and (B) NAD. The planar structure 
and negatively charged groups allow Cibacron Blue to successfully mimic NAD, and so to 
bind the nucleotide fold of target enzymes. 
Cibacron blue roughly mimics NAD in structure (Figure 2.6), but the main 
similarities allowing it to bind the nucleotide fold of these enzymes are the planar 
ring structure and the negatively charged groups. In purifications of proteins that 
do not bind nucleotide cofactors, retention on the column results from hydrophobic 
interactions, electrostatic interactions and/or hydrogen bonding due to the variety 
of functional groups around the dye molecule. Electrostatic interactions are similar 
to those of cation exchange, with the result that tighter binding often occurs at lower 
pH. However, as there are many forces acting in this type of system, elution 
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profiles do not mimic cation exchange. Higher salt concentrations are often needed 
for elution. Overall the complexity of dye-ligand chromatography is not fully 
understood and as with any purification method, a good deal of trial and error is 
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2.4.2 PVAO purification development 
The first two steps of the existing protocol by Kawagoshi were the obvious starting 
point for developing a working method to purify PVA oxidase. These were: 
centrifugation of the cultures to obtain the FVA oxidase containing supernatant, 
followed by ammonium sulfate precipitation. The precipitate was then 
resuspended and dialysed in one of two buffers, either at pH 8.5 or 7.0. From there, 
various combinations of columns were tested with changes in pH and ionic strength 








6.5 M 	1 	2 	3 	4 	M 
Figure 2.8 SOS-PAGE of B. vesicularis supernatant. 1: culture supernatant, 4: 
resuspended ammonium sulfate precipitate. Lanes 2 and 3 were dilute samples of 1 and 4. 
2.4.2.1 Columns attempted immediately following dialyses 
Q sepharose column 1, pH 8.5 
Q sepharose chromatography was attempted with various column dimensions and 
under different conditions of ionic strength and pH, and with various buffers. The 
first attempt with Q sepharose was using a 5 ml Amersham Biosciences Hitrap Q 
Fast Flow column, attached to a peristaltic pump. The enzyme solution was 
buffered by 20 mM Tris/Ci, pH 8.5. Kawagoshi and Fujita had used a Q sepharose 
column as the first step after the ammonium sulfate precipitation. Although this 
column was much smaller (5 ml vs. 95 ml), it was thought to be a viable option, as 
according to the manufacturer, the protein binding capacity of these columns is 120 
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mg/ml for human serum albumin (HSA) which has a molecular weight of 68 kDa, 
similar to PVA. Fractions were assayed in 96 well plates using the peroxidase assay 
(Section 2.3.1). The load fraction (flow through) and 1 M NaCl wash were both 
active, whereas the wash and eluent were not. Kawagoshi had observed binding of 
PVA oxidase to the column and elution at 100 mM NaCl. Here the majority of the 
enzyme seemed to flow directly through during the loading steps, while some was 
so tightly bound to the column that high concentrations of salt were required to 
detach it. SDS-PAGE analysis of the active fractions showed a net purification 
reducing the dozens of bands in the resuspended precipitate to approximately five 
bands in the loading fraction and ten in the 1 M NaCl wash. 
SP sepharose column 1, pH 8.5 
Since PVA oxidase was not retained on the Q sepharose column above, it was 
thought that the overall charge of the protein might in fact be positive at pH 8.5 and 
would be retained by a cation exchange column instead. An enzyme sample in the 
same buffer conditions as above (20 mlvi Tris/Ci, pH 8.5) was run through an 
Amersham Biosciences 1 ml Hitrap SP sepharose column. The protein binding 
capacity of this column was similar to that of the Q sepharose, and although a 
smaller column was still sufficient to retain the bulk of PVA oxidase. Unexpectedly, 
no PVA oxidase was retained on the column. Fractions were assayed for oxidation 
of PVA using the peroxidase assay. Load and wash fractions were active, whereas 
the eluent and hi-salt wash fractions were inactive. 
Q sepharose column 2, pH 8.5 (preceded by Hitrap desalting column) 
The 5 ml Hitrap desalting columns are typically used for buffer exchange. 
However, they also retain low molecular weight proteins, giving some degree of 
purification assuming the desired protein flows through. In this attempt the 
enzyme sample (20 mM Tris/Ci, pH 8.5) was passed through three 5 ml Amersham 
Biosciences Hitrap desalting columns connected end to end. Each of these columns 
can handle 1.5 ml of sample, so the solution was made up to exactly 4.5 ml before 
running. The eluent was collected and loaded onto an Amersham Biosciences 1 ml 
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Hitrap Q sepharose FF column. The load, wash and eluent fractions were all 
moderately active. PVA oxidase was somewhat retained on the column, and was 
eluted at 100 mM NaCl. However, as almost all the fractions were active, this was 
not deemed a satisfactory method: a sharper purification was desired. 
Q sepharose column 3, pH 10.0 
As PVA oxidase did not bind to all previous Q sepharose columns at pH 8.5, a 
sample of the protein solution was buffer exchanged with Tris/Ci, pH 10.0 to 
determine if increasing the overall negative charge of the protein would help it 
adsorb to the anion exchanger. Kawagoshi and Fujita reported that PVA oxidase 
did bind to Q sepharose, thus it seemed reasonable to expect it to do so again, 
especially at higher pH. However, it did not. The results were the same as for pH 
8.5, with PVA oxidase coming out predominantly in the flow through. 
Q sepharose column 4, pH 7.0 (preceded by Hitrap desalting column) 
As no binding was observed with cation or anion exchange at pH 8.5, a change in 
pH was attempted. It was reported that PVA oxidase passed through Q sepharose 
columns when below pH 8.0, which then rendered it insoluble under certain 
circumstances [1]. Additionally, the lower pH would cause the protein to be more 
positively charged, making it a more suitable for cation exchange (which was 
attempted and described below). Despite these drawbacks, and considering the 
ease of the task, pH 7.0 was nonetheless attempted, since the behaviour of the 
enzyme was already inconsistent with that reported by Kawagoshi and Fujita. The 
pH was reduced to 7.0 by resuspending and dialysing the ammonium sulfate 
precipitate in 20 mM bis-tris propane/HC1. As in Q sepharose column 2, the ion 
exchange step was preceded by Hitrap desalting columns to eliminate low 
molecular weight proteins. This was run through the 1 ml Hitrap Q sepharose FF 
column as above. The results for pH 7.0 were no different than pH 8.5; very little 
PVA oxidase was retained on the column. Active fractions were the load and wash, 
with some activity in the higher salt wash, and no activity in the eluent. 
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SF sepharose column 2, pH 7.0 (preceded by Hitrap desalting column) 
The same enzyme solution as used for Q sepharose column 4 was passed through 
desalting columns to eliminate low molecular weight proteins, and then loaded onto 
a 1 ml Hitrap SP sepharose FF column. The elution profile was similar to the Q 
sepharose columns under the same conditions: load and wash fractions were active, 
whereas the eluent and hi-salt concentration washes were not. The elution profile 
was also similar to the SF sepharose column run at pH 8.5, as no PVA oxidase was 
retained on the column at all. It was expected that with a lowering in pH, some 
protein would have interacted with the column. Further cation exchange 
purifications were carried out below pH 4.5. 
Q sepharose column 5, pH 8.5 (Long Q, 100 ml, 50 cm X 1.6 cm), step 
As Hitrap Q sepharose columns were not giving the desired results, a higher 
volume Q sepharose column was attempted in order to more closely mimic the 
published purification. The current trend in ion exchange chromatography is 
toward smaller columns which are generally effective at accomplishing separation 
[63, 66]. Therefore, if the binding capacity of the resin is known, and the minimum 
amount necessary to bind the protein is calculated, then it should not be necessary 
for the column volume to exceed five times this amount. There are, however, 
instances when higher volume columns are appropriate. The general case for ion 
exchange chromatography presumes strongly adsorptive conditions with high a 
values; that is a0.95-1.0 and that when loaded onto the column, the protein will 
bind to it, and remain bound, until buffer conditions are changed for elution. It is 
not always possible to operate in strongly adsorptive conditions: sometimes the 
necessary pH may be outside the protein's stability range. In such cases, where 
a=0.5-0.9, the protein will certainly not be effectively retained within the column. If, 
for example, a=0.8, at any given time 20% of the protein is in solution and moving 
down the column until it is next adsorbed. Since the proteins are in dynamic 
equilibrium with the adsorbent, the net effect is that each protein molecule is 
moving down the column at 20% of the buffer flow rate. In such conditions, after 5 
column volumes have passed through, the protein will begin to emerge from the 
column. If the protein of interest is in solution with other proteins that strongly 
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adsorb to the column, the situation is made worse as the protein will have to go 
further down the column at each dissociation to find an unoccupied binding site, 
with the effect of further increasing its average speed down the column [63]. 
These facts led to two possible strategies for purification of a low-a protein. If still 
attempting to retain the protein on the column, the first option is to increase the 
column volume in proportion to both the total protein and the sample 
concentration, which will yield better resolution. In this case, loading volume 
should be minimised, and up to twenty times the amount of required adsorbent 
should be used in order to retain the protein. There should be enough adsorbent, 
and the protein should be sufficiently concentrated, that it will not wash off during 
loading or washing, giving adequate time to apply elution buffer which will then 
give a sharper separation. The second option is to embrace the lack of retention, 
attempt to bind as many of the other proteins in solutions as possible, and collect 
the flow through, thereby effecting a 'reverse' purification. 
The high volume Q sepharose column was an attempt at overcoming the apparently 
low a of PVA oxidase. 5 ml of resuspended pH 8.5 protein solution was loaded 
onto an Amersham Bioscience XK 1.6 column packed with Q sepharose FF resin. 
The column was washed with 2 column volumes and eluted with 50 mM NaCl, 
followed by 100 mM NaCl then washed with 1 M NaCl. Contrary to expectations, 
most of the enzyme was again in the flow through leading to the conclusion that 
PVA oxidase must have a very low a under these conditions of ionic strength and 
pH. 
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Figure 2.9. SDS-PAGE of high volume Q sepharose eluted with a step gradient. M. 
marker, FT: flow through, W: wash, El: first elution (50 mM NaCl), E2: second elution (100 
mM NaCl), IM: wash (1 M NaCl). Active fractions are denoted with "++", slightly active 
fractions with +" and inactive fractions with "-'. PVA oxidase bands are surrounded by the 
red box. 
Q sepharose column 6, pH 8.5 (Long Q, 100 ml, 50 cm X 1.6 cm), gradient 
Continuing to operate along the same principles as above, the high volume Q 
sepharose column was again employed, but with a continuous salt gradient. Again, 
the majority of PVA oxidase came out in the flow through, however a significant 
amount eluted at 180-260 mM NaC1 (18%-26% B) (Figure 2.10). The fraction 
corresponding to 240-260 mM NaC1 (fraction 12, Figure 2.11) contained pure PVA 













Figure 2.10. Chromatogram of 100 ml Q sepharose column eluted with NaCl gradient. 
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Figure 2.11. SOS-PAGE of active 160 mM to 260 mM NaCl fractions from 100 ml Q 
sepharose column eluted with continuous salt gradient. Pure PVA oxidase is in fraction 
12, which eluted at approximately 250 mM NaCl. 
The vast majority of the protein was contained in other fractions, particularly in the 
flow through, which had a similar band pattern to the flow through of the previous 
Q sepharose columns. Although wasteful, this method was used to generate pure 
protein to identify the band with activity assays against a variety of secondary 
alcohols. 
2.4.2.2 Secondary and tertiary columns 
Q sepharose column 7 on load fractions of Q 1, pH 8.5 
The flow through of Q sepharose column I was concentrated and reloaded onto the 
Hitrap Q sepharose FF column. The purpose of this was to verify if further 
purification could be achieved by a repeat anion exchange step, as it had for 
Kawagoshi and Fujita. The column had no beneficial effect towards purifying PVA 
oxidase, and in fact served only to reduce the overall yield of the process by again 
separating PVA oxidase into several fractions, predominantly in the flow through 
and 1 M NaCl wash. 
Q sepharose column 8 on combined I M NaCl fractions from Q 1 and Q 2 
Active fractions which were washed from Q sepharose columns I and 2 in 1 M NaCl 
were different in protein composition from the flow through fractions. These 
fractions were less pure, containing many more proteins and possibly different 
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forms of PVA oxidase. The solutions were concentrated with 20 ml Vivaspin 
cartridges of 10,000 MWCO, then buffer exchanged with Hitrap Desalt columns in 
20 mM bis-tris propane, pH 7.0. This solution was split in two, and half was loaded 
onto a 5 ml Hitrap Q sepharose column and run as above. The results were again 
similar to all other Q columns: the flow through as well as the high salt fractions 
were active and no further purification was achieved. 
DEAE sepharose on combined 1 M NaC1 fractions from Q 1 and Q 2 
Half of the above combined solution (pH 7.0) was loaded onto a 1 ml Hitrap DEAE 
sepharose column. PVA oxidase had proven recalcitrant when it came to 
purification by ion exchange columns, which it demonstrated by its lack of binding 
to strong anion and cation exchangers at various pHs. Though a weak ion 
exchanger, DEAE chromatography was nonetheless attempted, due to its 
complicated titration properties. At pH 7.0, the elution profile of the protein 
solution on DEAE was the same as Q sepharose: flow through and high salt washes 
were active while eluents were not. 
Blue sepharose column on flow through from Q 7 
As dye ligand chromatography had been employed in the original method by 
Kawagoshi and Fujita, it was attempted as a final clean up step in the purification, 
subsequent to two Q sepharose steps. In the published method, this step was 
included presumably to retain one or more proteins, as the authors recovered PVA 
oxidase in the flow through. As expected PVA oxidase did not bind to the column, 
and one or two fewer bands were seen by SDS-PAGE inflow through fractions. 
SP sepharose column on Q 7 flow through 
The flow through from Q sepharose column 7 was buffer exchanged with 20 mM 
NaOAc, pH 4.5 and loaded onto a 20 ml SP sepharose FF column. This pH change 
was an attempt at increasing the overall positive charge of the protein, in order to 
obtain better retention on the column. The fractions were assayed as usual, but it 
was found that activity had been lost. As PVA oxidase was reported to lose activity 
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below pH 6.0 [1], this was expected. The little observable activity was found in 
wash and low salt elution fractions, not the flow through as previously found, 
indicating that enzyme retention was improved at lower pH with cation exchange 
chromatography. The buffer of these fractions was changed back to 20 mM 
Tris/HC1, pH 8.5 to test for restoration of activity; however this was apparently 
irreversible, eliminating the possibility of this type of approach. 
Octyl sepharose column on 100 ml Q step flow through, pH 7.0 
The flow through from the 100 ml Q sepharose column was collected, buffer 
exchanged with 20 mM sodium phosphate, 1.5 M ammonium sulfate, pH 7.0 and 
concentrated. The sample was then loaded onto a 1 ml Hitrap octyl sepharose 
column and eluted with a decreasing gradient of ammonium sulfate. Active 
fractions were eluted at a concentration of approximately 260-160 mM ammonium 
sulfate. Analysis by SDS-PAGE did not reveal any especially pure fractions, 
therefore a phenyl sepharose column was attempted. 
Phenyl sepharose column on 100 ml Q step flow through, pH 7.0 
The buffer exchanged flow through from the 100 ml Q sepharose column was 
loaded onto a 1 ml Hitrap phenyl sepharose column and eluted with a decreasing 
ammonium sulfate gradient (Figure 2.12). This step led to a substantial increase in 
purity of the solution with PVA oxidase co-purifying in two forms, one just above, 
and the other just below the 83 kDa marker (Figure 2.13), along with two other 
lower molecular weight proteins of approximately 49 kDa and 35 kDa. The two 
bands around the 83 kDa marker were shown to be different isoforms of PVA 
oxidase by peptide mass fingerprinting (Section 2.5.1). 
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Figure 2.12. Chromatogram of Hitrap phenyl sepharose column. PVA oxidase was 
eluted in fractions 27-29 corresponding to a concentration of 190-0 mM (NH4)2SO4. 
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Figure 2.13. SDS-PAGE of active phenyl sepharose fractions. Fractions 27, 28 and 29 
corresponding to 190-0 mM (NH 4 ) 2SO4 , were active when assayed for oxidation of PVA. 
The bands on this gel corresponded to the bands seen on the SDS-PAGE of the 100 ml 0 
sepharose gradient column, where PVA oxidase was purified to a Single band. 
This step achieved the level of purification necessary to move onto ammo acid 
sequencing of PVA oxidase. 
2.4.3 Final purification method and conclusions 
From the above purification trials, two differing strategies were finally employed 
for purification of PVA oxidase. Firstly, to obtain pure protein, the resuspended 
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ammonium sulfate precipitate was concentrated, and loaded onto the 100 ml Q 
sepharose column, and run in an increasing NaCl gradient. A small amount of pure 
PVA oxidase was eluted around 250 mM NaCl. Although the majority of the 
protein was effectively wasted with this approach, it generated enough material for 
activity assays, allowing unambiguous assignment of the activity to the particular 
band. 
The second purification method (Figure 2.7, red line) resulted in purification to four 
bands by SDS-PAGE. The resuspended ammonium sulfate precipitate was loaded 
onto a 5 ml Hitrap Q sepharose column and the flow through collected. This was 
concentrated, and ammonium sulfate was added to a final concentration of 1.5 M. 
The resulting solution was loaded onto a 1 ml Hitrap phenyl sepharose column, and 
the fractions corresponding to 190-0 mM ammonium sulfate were collected. This 
method was used to prepare samples for amino acid sequencing since it was not 
wasteful of the protein. With the addition of a final step, whereby the bands of 
interest were excised from the gel with a scalpel, pure protein was obtained for 
analysis. 
2.5 Amino Acid Sequencing 
With PVA oxidase sufficiently purified, it became possible to prepare samples for 
protein sequencing. The sequencing was carried out with the goal of designing 
oligonucleotide probes and primers to carry out the necessary molecular biology 
steps for isolating the gene encoding PVA oxidase. Peptide mass fingerprinting and 
intact mass spectrometry were carried out as well to better identify and characterise 
the PVA oxidase. 
2.5.1 Mass Spectrometry of PVA oxidase 
Following HIC, two proteins of approximately 83 kDa were obtained, both of which 
could possibly have been PVA oxidase. The two putative PVA oxidase bands on 
SIDS-PAGE (Figure 2.13) around the 83 kDa marker were digested with trypsin and 
analysed on a MALDI-TOF mass spectrometer (MS). First an intact mass was 
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determined for each, the larger protein having a mass of 97 kDa and the smaller 85 
kDa. Their peptide mass fingerprints revealed that the bands were the same 
enzyme, the smaller band being a degradation product of the larger protein. 
Peptide mass finger printing works by digesting the protein with a protease, in this 
case the serine protease trypsin, and analysing the fragments on a MALDI-TOF MS. 
Since trypsin consistently cleaves the carboxyl side of lysine and arginine (except if 
followed by proline), when digesting two samples of the same protein, fragments of 
the same m/z will appear on the mass spectrum of both samples. As evidenced by 
the spectra (Figure 2.14 and Figure 2.15), most of the fragments on one spectrum 
correspond to a fragment of similar mass and similar intensity on the other, 
confirming their similarity. 
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Figure 2.14. MALDI-TOF spectrum of digested 97 kDa band. 














Figure 2.15. MALDI-TOF spectrum of digested 85 kDa band. 
7E 
0 
Results and Discussion: Microbiology & Enzymology 
2.5.2 PVA oxidase amino acid sequence 
PVA oxidase is blocked at the N-terminus [54], therefore tryptic digest was carried 
out prior to sequencing by Edman degradation. The fragments were separated by 
reverse phase HPLC, and collected for analysis on the sequencer. This type of 
sequencing was carried out twice at different facilities. 
2.5.2.1 University of Edinburgh sequencing 
The sequencing at Edinburgh University collected ten fractions containing peptides 
from HPLC separation. Only two of these were pure enough to sequence. The 
results of sequencing are shown in Table 2.2. 
Table 2.2. Possible amino acid assignments for tryptic digest fragments (Edinburgh 
University). Where more than one amino acid is indicated, the order of likelihood is from 
top to bottom. X represents positions where sequencing failed, '-represents positions that 
were not sequenced 
Position 1 2 3 	4 5 	6 	7 	8 9 	10 11 	12 13 	14 	15 	16 
97kDaband S N F 	F A 	G 	G 	L P 	X S 	G E 	X 	Q 	P 
fraction  G G A L E 	L 
S S L 
97 kDa band S A S 	N X 	P 	A 	G L 	- - 	 - - 	 - 	 - 	 - 
fraction  T G S G 
GP G 
As only two fragments were suitable for sequencing, additional enzyme was 
prepared for digestion by pepsin. This sample did not yield any useable sequence. 
When the above sequences were examined for use in cloning experiments, only a 
short stretch on one peptide was found to be useful, leaving Southern hybridisation 
as the only method for discovering the gene encoding PVA oxidase (Section 3.1.5). 
2.5.2.2 Aberdeen Proteome Facility sequencing 
Further sequencing was carried out at the Aberdeen Proteome Facility (APF). The 
excised bands underwent tryptic digest and were separated by reverse phase I-IPLC. 
The HPLC fractions were analysed by mass spectrometry, and those that showed a 
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single mass peak were considered pure and applied to the Edman sequencer. 
Results are summarised in Table 2.3. 
Table 2.3. Possible amino acid assignments for tryptic digest fragments (APF). 
Where more than one amino acid is indicated, the order of likelihood is from top to bottom. 
Position 1 2 3 4 5 6 7 8 9 10 11 12 	13 14 	15 	16 
A.85kDaband H H S N H P G G F V S R 	- - 	 - 	 - 
fraction 13 
B. 85kDa band S N F F H G G H P H S G 	E N 	Y 	I 
fraction 15 H S V I L T L G L N 
V G NT V L 
C. 97kDa band X N F F H G G H P H S - 	 - - 	 - 	 - 
fraction 14 
D. g7kDaband S X E P Y F H I V G - - 	 - - 	 - 	 - 
fraction 16 H N L G Q H 
V 
The results of this round of sequencing changed the experimental approach; with 
more than one usable length of sequence it became possible to attempt cloning the 
gene using PCR (Section 3.2). It also made it possible to probe genomic DNA 
libraries with probes other than N/GFFAGG (Section 3.1.6) which, to this point, had 
not worked. 
2.5.2.3 BLAST search of sequences 
As neither PVA oxidase nor any similar oxidases had previously been sequenced, 
these sequences were not expected to generate hits against known proteins in the 
databases. Despite this, the sequences were compared to databases with BLAST 
[67], and fraction 2 of the 97 kDa band from the Edinburgh sequencing experiments 
(Table 2.2) showed similarity to the oxidised polyvinyl alcohol hydrolase 
[precursor] (TrEMBL accession number: Q9LCQ7). 
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Table 2.4. Comparison of BLAST result with sequenced peptide. The sequenced 
peptide of PVA oxidase was similar to the oxidised PVA hydrolase (OPH) precursor except 
at position 4 and possibly at position 10 where the amino acid could not be determined. 
Position 	1 2 3 4 5 6 7 8 9 10 11 12 13 
BLAST 
OPH 	S N F W A G G L P I S GE 
217-229 
Edinburgh 
97kDaband S N F F A C G L P X S G E 
fraction 2 
This enzyme is the hydrolase encoded by the gene pva B in Brevundimonas sp. 
VM15C, which cleaves the PVA oxidised by PVADH (encoded by pva A) (Section 
1.3.1.3). This result reinforced confidence in the identification of the protein as PVA 
oxidase. Presumably, the sequenced peptide contains a motif that is specifically 
associated with PVA binding or catalysis. The similar sequences originate from 
different classes of enzymes (an oxidase and a hydrolase), both of which are 
common, however, no other database similarity hits resulted from the search. 
Therefore, the common point of the sequence likely relates to the physical 
arrangement of the active site or the mechanism of PVA binding to the enzyme and 
not to actual catalysis. 
An alternative hypothesis to explain the sequence similarity between these two 
enzymes would suggest that PVA oxidase is in fact either a mutimeric or 
multidomain protein, consisting of an oxidase function and a hydrolase function. 
This hypothesis is supported by three pieces of evidence; the size of PVA oxidase, 
the work carried out by Matsumura and co-workers [43, 44] and the work carried 
out by Shimao and co-workers [29-36, 511. PVA oxidase has a mass of 97 kDa, 
which is large enough to substantiate the possibility of two distinct enzyme 
activities, eg. secondary alcohol oxidase II and oxidised PVA hydrolase II 
discovered by Watanabe et al. [27, 28, 40, 48-50, 68] have masses of 40 kDa and 36 
kDa respectively, whose sum is 76 kDa, well within the 97 kDa of PVA oxidase. 
Work carried out by Matsumura and co-workers [43, 44] revealed a multifunctional 
enzyme capable of both oxidising PVA and of hydrolysing oxidised PVA (Section 
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1.3.2). Although this was not studied in detail, and neither the structure nor the 
mechanism was elucidated, their work points to the possibility of multifunctional 
PVA degrading enzymes. Further evidence for this hypothesis is given by the work 
of Shimao et al. [36, 51]. The PVA degrading pathway of Pseudomonas VM15C is 
encoded in an operon (Section 1.3.1.3). Although the structural arrangement of the 
genes encoding the PVA degrading enzymes in unknown in B. vesicularis, if they do 
form an operon, the chance of a single enzyme containing both activities is 
enhanced. 
2.5.2.4 Resolving sequencing discrepancies 
When comparing Table 2.2 to Table 2.3 it becomes evident that the sequences in 
Table 2.2 A and Table 2.3 B are derived from the same tryptic fragments. However, 
there is disagreement in the assignment of amino acids for three positions. 
Supporting evidence exists for both sequence assignments, making it difficult to 
determine which of the sequences was correct. The Edinburgh sequence 
(SNFFAGGL ... ) was supported by sequence similarity with the oxidised PVA 
hydrolase precursor, which also had an alanine at position 5, whereas the APF 
sequence had assigned a histidine at that position. The APF sequence 
(SNFFHGGH ... ) was sufficiently different that BLAST did not consider it similar to 
the oxidised PVA hydrolase precursor. However, the data supporting the APF 
sequence came from multiple sequencing experiments, on different samples, which 
always returned a sequence with a histidine at position 5, which lent credibility to 
this sequence assignment. 
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Table 2.5. Comparison of Edinburgh and Aberdeen sequences with BLAST hit. The 
difference in sequence assignments can be clearly seen at positions 4, 5, 8 and 9. 
Position 	 1 2 3 4 	5 6 7 8 9 10 11 12 13 
BLAST 
S N F 	 G 	P 	S GE 
OPH 
Edinburgh 
S N F F 	G 	P X S GE 
97 kDa band 
Aberdeen 
S N F F H G G H P H S GE 
85 kDa band 
Aberdeen 
	
N F P H G 	H PH S 
97 kDa band 
In summary, one of the sequence assignments was supported by its unlikely 
similarity to one of only two sequenced proteins related to PVA degradation, 
whereas, the other sequence assignment was supported by repetitions of the 
sequencing experiments with multiple samples. Finally, although the differences in 
the amino acid assignments were few, they were important enough that one of the 
sequences showed similarity to oxidised PVADH and the other did not. Despite 
the differences, these sequences remained useful if carefully applied in designing 
probes and primers during cloning experiments. 
2.6 Enzyme activity 
The substrate specificity, enantioselectivity and activity levels of PVA oxidase were 
examined in order to determine if the enzyme would make a suitable biocatalyst 
when applied to deracemisation reactions. Using the peroxidase assay, a baseline 
was established by measuring the activity of PVA oxidase on PVA. Oxidation of 
PVA was taken as the 100% level for all further activity measurements. 
2.6.1 Activity of pure PVA oxidase 
Once PVA oxidase had been purified, it was possible to carry out some preliminary 
work on the enzyme to confirm that it was in fact a good potential candidate for 
deracemisation reactions. To this end, purified PVA oxidase was assayed against a 
number of secondary alcohols using the peroxidase assay (Section 2.3.1). 
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Table 2.6. Relative rates and structures of racemic substrates assayed with pure PVA 
oxidase preparation. Relative rates in parenthesis refer to data obtained by Kawagoshi 
and Fujita [1]. 
Compound 	Rate Relative rate (%) 	 Structure 
r .-.... 	 - 
PVA 	 36.0 	 100 
OH 
2-pentanol 	14.9 	39.2 (36.3) 
OH 
3-heptanol 	20.9 	55.0 (68.8) 
OH 
2-octanol 	36.1 	95.0 (82.9) 
OH 
4-decanol 	49.4 	 130.0 
Up to this point, PVA oxidase had never been examined for enantioselectivity 
towards racemic alcohol substrates. As it would be useless to develop this enzyme 
for deracemisation were it not enantioselective, a quick trial was carried out to 
verify this property. The racemic mixture and both enantiomers of 
2-pentanol were, assayed. The rate of (R)-2-pentanol oxidation was approximately 
double that of (S)-2-pentanol: their rates relative to PVA were 38.1% and 19.8% 
respectively. This confirmed that PVA oxidase was indeed enantioselective and 
worth pursuing as a biocatalyst. 
2.6.2 Activity of crude PVA oxidase 
Early on in this project, it was determined that obtaining pure PVA oxidase from B. 
vesicularis cultures would be impractical due to the slow growth of the organism. 
Therefore, the decision was made to clone the gene (Chapter 3) to facilitate growth 
and purification of the enzyme. After repeated attempts at cloning did not yield the 
gene, a change of approach became necessary: if recombinant PVA oxidase was not 
to be had, then production of the wild-type enzyme had to be optimised. Since 
working with pure PVA oxidase was impractical, it was decided to examine the 
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possibility of using a crude enzyme preparation from B. vesicularis cells. The goal 
was to obtain a functional enzyme preparation that required the least amount of 
time to prepare. The starting point for this was the culture supernatant. 
Preliminary assays revealed the enzyme concentration was too dilute to be of 
practical use. To concentrate the activity, the supernatant was precipitated with 
ammonium sulfate, and the precipitate containing the enzyme resuspended in the 
minimum amount of 20 mM Tris/Ci, pH 8.5. This solution was sufficiently 
concentrated to study the crude activity of the enzyme. A number of secondary 
alcohols were assayed in order to determine if the components of the crude mixture 
had any negative effect on activity as well as to broaden the list of PVA oxidase 
substrates. Table 2.7 below summarizes the results of the assays. 
Table 2.7. Relative rates and structures of substrates assayed with crude PVA 
oxidase preparation. Compounds were assayed at a concentration of 50 mM in a total 
reaction volume of 100 p1 with 3 p1 of crude enzyme preparation. Relative rates in 
parenthesis are those reported by Kawagoshi and Fujita (Table 1.3) [1]. 
Compound 	 Rate 	Relative rate (%) 	 Structure 
r ..-.. 	 .-. 	 .. 





2-pentanol 	 3.0 	 8.7 (36.3) 
OH 
4-penten-2-ol 	 0.45 	 1.3 
OH 
3-heptanol 	 23.0 	 67.1 (68.8) 
OH 
2-octanol 	 26.3 	 76.7 (82.9) 	1 
OH 
1-methoxy-2-propanol 	0.19 	 0.6 
OMe 
OH 
1-phenylethanol 	 7.6 	 22.2 
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OH 
4-fluoro-a-methylbenZyl 	13.1 	 38.2 	
F 




(trifluoromethyl)pheflyl]- 	0.15 	 0.4 
ethanol 
OH 
1-phenyl-1-propaflol 	 13.2 	 38.5 
OH 




13.4 	 39.1 
naphthol 
OH 
1-(2-ful)ethanol 	 0.04 	 0.1 
H\/O 
glyceraldehyde-3- 	 1.3 	 3.8 	 I phosphate H—C ;—OH 
H2COPO32 
A comparison was made of rates gathered from crude PVA oxidase and rates 
gathered from pure PVA oxidase. Overall, the rates obtained with pure enzyme 
versus crude preparation were similar to each other confirming that crude enzyme 
preparation could be effectively utilised. Surprisingly, the rate of oxidation with the 
crude enzyme preparation were closer to the rates reported in the original paper[1] 
(using purified PVAO), than the rates of purified PVA oxidase. 
4-Decanol was not assayed with the crude preparation because it was no longer 
possible to purify this substrate. A common problem in these experiments was 
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batch to batch variation between purchased chemicals: whereas, initial samples of 
4-decanol were easily purified for the assays with pure enzyme, subsequent batches 
could not be rid of contaminating peroxides. This batch variation might also 
explain the large discrepancies between the activity of crude and purified enzyme 
toward 2-pentanol. Beyond this, the general trend established by the work of 
Kawagoshi and Fujita, that longer aliphatic chains were more effectively oxidised, 
held true. Introduction of a double bond on an aliphatic chain appeared to have a 
detrimental effect on activity as evidenced by the difference in activity between 
2-pentanol and 4-penten-2-ol. 
Analysis of the oxidation of secondary alcohols containing an aromatic ring 
revealed a preference for these substrates over short chain aliphatic alcohols, but not 
over longer chain aliphatics. The general range of activity was between 0% and 
40%. 1-Phenylethanol was chosen as the model aromatic substrate and derivatives 
thereof were analysed. Addition of a para-fluorine (4-fluoro-a-methyl-benzyl 
alcohol) increased activity nearly 2-fold. Addition of a para-tri-fluoromethyl group 
all but eliminated activity, which was possibly due to steric effects. 1-Phenyl-1-
propanol, which differs from 1-phenylethanol by one methylene group on the 
aliphatic chain, showed a 2-fold increase in activity over 1-phenylethanol, 
demonstrating that aliphatic chain length remained an important variable, even in 
the oxidation of aromatic alcohols, at least when the hydroxyl group was attached to 
the aliphatic chain. Replacing the terminal C-C single bond of 1-phenyl-1-propanol 
with a double bond yields a-vinylbenzyl alcohol which has 4-fold lower activity 
than 1-phenyl-1-propanol. This difference is similar in magnitude to that between 
2-pentanol and 4-penten-2-ol. This trend supports two hypotheses: one that the 
aliphatic component of these aromatic alcohols plays an important role in their 
oxidation rates, and two, that inclusion of a double bond on the aliphatic chain 
greatly reduces activity. 1,2,3,4-Tetrahydro-1-naphthol was oxidised at roughly the 
same rate as 4-fluoro-a-methyl-benzyl alcohol and 1-phenyl-1-propanol. 
1-(2-Furyl)-ethanol was not active, while glyceraldehyde-3-phosphate was oxidised 
at a negligible rate. 
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2.6.3 Enantioselectivity of PVA oxidase 
As the crux of any deracernisation reaction is enantioselectivity, experiments were 
carried out to determine if a crude preparation of PVA oxidase could catalyse the 
enantioselective oxidation of various secondary alcohols. The assays measured the 
relative activity of the racemic mixture and of each enantiomer individually. 
Results of the assays are shown in Table 2.8. 
Table 2.8. Relative rates and enantiomer preference of PVA oxidase. Rates are relative 
to rate of PVA oxidase as in Table 2.7. 
Compound 	Relative rate 	Enantioselectivity 	 Structure 
R,S 	R 	S 
OH 
1-phenyl 	22. 	
46.1 	2.0 	22 fold R 
ethanol 	 2 
OH 
1-phenyl-1- 	38. 	62.7 	0.9 	72 fold R 
propanol 5 
OH 




2-pentanol 	8.7 10.8 	6.4 	2 fold R 	 "J~~ 
OH 
4-penten-2-ol 	1.3 	1.8 	N/A 	Probably R 
OH 
2-octanol 	
76 . 73.2 	55.4 	1.3 fold R 
The above data reveal that the general trend is towards oxidation of R-alcohols. 
Preference for the R-enantiomer ranged from 2-fold to 72-fold. No data is available 
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for the S-enantiomer of 4-penten-2-ol, because it proved impossible to remove all 
traces of background activity from this compound. However, when comparing the 
rate of oxidation of the R-enantiomer to the racemate, it is clear that the rate of the 
S-enantiomer must be less than that of the R. Another noticeable trend is that 
enantioselectivity is much greater for the aromatic secondary alcohols than the 
aliphatic secondary alcohols. This could be explained by the degree of 
heterogeneity of groups attached to the chiral centre. In an aliphatic secondary 
alcohol, the chiral centre is surrounded by -H, -OH, and two carbon chains. In the 
case of a compound such as 2-pentanol or even 2-octanol, there is only a small 
difference in terms of space or bulk (since these chains are flexible) between having 
a methyl group on one side and -(CH2)2CH3 or -(CH2)5CH3 on the other. However, 
when comparing -CH2CH3 to an aromatic ring, with its rigid planar structure and 
bulk, such as with 1-phenyl-1-propanol the distinction between groups becomes 
greater. Therefore, it is conceivable that due to the shape of the active site, which is 
structured to accept long aliphatic polymers, the distinction between secondary 
alcohol enantiomers is more readily made when the chiral centre substituents are 
heterogeneous and especially not n-aliphatic chains. 
2.7 Conclusions and future work 
Brevundimonas vesicularis strain PH was isolated from mixed bacterial cultures by 
detection of PVA degradation. Its growth and enzyme secretion were optimised to 
produce a maximal amount of PVA oxidase. Two complementary purification 
methods were developed. One method resulted in pure protein, though it gave a 
poor yield. The other method only led --a partially purified protein solution 
containing four proteins, two of which were isoforms of PVA oxidase. This method 
was more economical of enzyme, and was used to obtain material for amino acid 
sequencing. 
Tryptic digest fragments of PVA oxidase were N-terminally sequenced by Edman 
degradation. Sequencing was carried out at two facilities, the first at Edinburgh 
University, resulting in one useable peptide sequence, which had similarity to 
Oxidised PVA hydrolase. The second round of sequencing took place at the 
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Aberdeen Proteome Facility (AFF), resulting in two useable peptide sequences. The 
Edinburgh sequence and one of the APF sequences clearly resulted from analysis of 
the same tryptic digest fragment, but with differences in the assignment of three 
amino acids. Each of these sequence assignments was supported by evidence, none 
of which was conclusive, casting doubts on the identity of the correct sequence. 
Subsequent to the attempts at cloning detailed in Chapter 3, the use of crude PVA 
oxidase solution as a biocatalyst was investigated. In doing so, the list of known 
PVA oxidase substrates was expanded and its enantioselectivity assayed. As a 
result PVA oxidase was found to be R-selective. 
With regard to furthering the project, it would be useful to ascertain the amino acid 
sequence of PVA oxidase, or at least reliably sequence a large portion of the enzyme. 
Though not discussed above, sequencing by mass spectrometry was attempted, but 
did not result in the identification of any amino acids. It would also be interesting 
to assay additional compounds, with the aim of establishing firmer trends in 
substrate preference. Using 1-phenylethanol as the model aromatic compound, 
trends could be established in halogen preference and substitution position. This 
could give insight into the reaction mechanism and transition state. To further test 
the hypothesis of enantioselection discussed in Section 2.6.3, more compounds with 
chiral centre substituents, ranging from very similar to very different could be 
assayed. Also, completely different classes of compounds, such as thiols or amines, 
could be tested to determine if the activity of the enzyme extends beyond alcohols. 
Although crude preparations of PVA oxidase were effective in oxidising a variety of 
secondary alcohols, its use remains impractical due to extended culturing times and 
susceptibility to contamination. Therefore, in the context of biocatalysis and 
potential industrial application, these assays should perhaps be postponed until 
cloning is accomplished, and carried out using recombinant PVA oxidase. 
0. 
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3 Results and Discussion: Cloning 
The necessity of cloning PVA oxidase became apparent during the cultivation of B. 
vesicularis strain PH. For this enzyme to be of practical use as a biocatalyst it would 
be necessary to have quick and simple access to a large quantity of the enzyme on 
demand. B. vesicularis does not produce large quantities of PVA oxidase and is 
extremely difficult to handle due to its slow rate of growth. This slow growth 
makes liquid cultures highly susceptible to contamination, resulting in a substantial 
loss of time and resources. To overcome these problems, the best solution is to 
isolate the gene encoding PVA oxidase, engineer it into a high expression plasmid, 
and introduce it into E. coli. The sequencing of several peptides from tryptic digests 
of PVA oxidase, detailed in Chapter 2, made it possible to attempt cloning the PVA 
oxidase gene. Several current methods were attempted; unfortunately none yielded 
the desired gene. 
3.1 Cloning by Southern hybridisation 
Southern hybridisation was developed by Professor Ed Southern, at the University 
of Edinburgh in 1975 [691. The method relies on the hybridisation of a radiolabelled 
oligonucleotide probe to its complementary DNA sequence in the genome of the 
target organism. The design of this oligonucleotide is based on previously acquired 
information, such as sequence similarity to homologous proteins or from amino acid 
sequence. In this project, this information came from Edman sequencing of tryptic 
fragments PVA oxidase (Section 2.5.2). Inferring a DNA sequence from its amino 
acid sequence has its particular problems: as the genetic code is degenerate, and 
most amino acids are encoded by more than one codon, the challenge is to choose 
the correct codon for a given amino acid. Too many incorrect choices and the 
oligonucleotide will not hybridise to the target sequence in the genome. To bypass 
this problem, a pool of oligonucleotide probes containing every possible variant of 
the sequence must be used. These types of probes are termed degenerate, in 
reference to the degeneracy of the genetic code. The obvious drawback to this 
approach is a loss of signal intensity; in a given experiment, the quantity of 'correct' 
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probe decreases as the number of degeneracy increases. This can be adjusted 
somewhat by an overall increase in the concentration of probe, however, there is an 
upper limit, after which background noise increases, and the signal can no longer be 
distinguished. The real solution to this problem is an intelligent discrimination in 
deciding which part of the sequenced peptide is used. Choosing sections that have 
as little degeneracy as possible reduces the number of different oligonucleotides. In 
cases where all of the above considerations still lead to a pool of oligonucleotides 
that is too degenerate to be of use (more than 1000 becomes problematic), the probes 
must be separated into two or more pools and separate hybridisations carried out 
for each. [70, 711 
The actual hybridisation is carried out on a nylon membrane. The genomic DNA 
will have been digested to completion, by four or five different restriction enzymes, 
each having recognition sites of 6 nucleotide bases (6 base cutters). This leads to a 
neat smear of discrete bands on an agarose gel. The digested DNA is denatured to 
obtain single stranded DNA (ssDNA), then transferred onto the membrane by 
capillary action, to which it is crosslinked with UV light. Consequently, this 
membrane has a mirror image of the gel and is the support on which the actual 
hybridisation is carried out. Once the oligonucleotide probes have hybridised to 
their complementary sequences on the membrane, it is placed in an 
autoradiography cassette next to a sheet of film to expose for a given length of time 
which can vary from 24 h to a week or more. At the end of this time, the film is 
developed, revealing bands where the radiolabelled probe has hybridised to the 
DNA. Given the correct hybridisation conditions, there should be one band per 
lane, each at a differer,t molecular weight. From this information, digested genomic 
DNA of the correct size can then be made into a sub-library for screening by colony 
hybridisation [70, 711. 
3.1.1 Probe design: Edinburgh sequence 
Based on the results of amino acid sequencing, probes were designed with the goal 
of minimising degeneracy to maximize the signal strength of the subsequent 
autoradiographs. The first probes designed were based on the results of the 
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sequencing carried out at Edinburgh University. Of the two peptides that were 
sequenced, the 97 kDa, fraction 2 peptide (Table 2.2) was the first choice for probe 
design: this peptide had sequence similarity with Oxidised PVA hydrolase (Section 
2.5.2.3) and also contained a segment with the least degeneracy and greatest 
accuracy of sequencing. The segment with the sequence N/GFFAGG, 
corresponding to positions 2-7, contains five consecutive amino acids whose 
identity were considered certain and not overly degenerate. Based on the above 
amino acid sequence, the following probes listed in Table 3.1 were designed. 
Table 3.1. Probe design based on amino acid sequence of 97 kDa band, fraction 2. 
The sequence was divided in two theoretical peptides each starting with a different amino 
acid. Each theoretical peptide was then subdivided into two pools (1 and 2) and each pool 
contained the coding and complementary sequence. This served to retain signal strength 
while reducing the number of experiments. 
Probe I N F F 	- A G G Degeneracy 
if 5' AAT TTT TTT GCN GGN GGG 3' 256 
C C C C 
ir 3' TTA AAA AAA CGN CCN CCC 5' 256 
G G G G 
2f 5' AAT TTT TTT GCN GGN GGA 3' 256 
C C C T 
2r 3' TTA AAA AAA CGN CCN CCT 5' 256 
G G G A 
Probe 2 G F F A C C 512 
if 5' 	GGN TTT TTT GCN GGN GGG 3' 512 
C C C 
1  3' 	CCN AAA AAA CGN CCN CCC 5' 512 
G 0 G 
2f 5' 	GGN TTT TTT GCN GGN GGA 3' 512 
C C T 
2r 3' 	CCN AAA AAA CON CCN CCT 5' 512 
0 G A 
For the purposes of the experiments, the probes were divided into several pools. 
The peptide on which the probes were based was six amino acids in length, giving 
an oligonucleotide of 18 bases in length (18-mer). The peptide was composed of 
four different amino acids: two phenylalanines (two codons), two glycines (four 
codons), one alanine (four codons) and either an asparagine (two codons) or another 
glycine. This peptide would result in a pool of either 512 or 1024 oligonucleotides 
depending on whether the first position was asparagine or glycine. Assuming that 
only the correct oligonucleotide would bind its complementary genomic DNA 
strand, these pools would result in an approximately 500 or thousand fold reduction 
in signal compared to hybridisation with only the 'perfect' oligonucleotide. In 
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reality, some of the 'incorrect' oligonucleotides, with only a few mismatches, would 
also bind; however, reduction of signal strength would be substantial. 
To solve the problem of reduced signal strength, the oligonucleotides were sub-
divided into pools containing either 256 or 512 individual oligonucleotides. These 
pools were still far from having the potential signal strength of a single 
oligonucleotide, but were within the generally accepted range for these experiments 
to work [71]. Additional reduction of the pools would have required an impractical 
number of hybridisations; as few hybridisation experiments as possible were 
desired due to the length of time required to obtain results and to limit exposure to 
radioactivity. 
3.1.2 Probe design: Aberdeen sequence 
Probes based on the APF sequence were designed along the same lines of reasoning 
as those based on the Edinburgh sequence, i.e. reduction of degeneracy to maximise 
signal strength, as well as minimising the number of experiments. Sequencing at 
the APF was carried out following the unsuccessful cloning experiments based on 
the Edinburgh sequence. From this round of sequencing, several more probes could 
be designed, based on the additional sequence information obtained. 
Table 3.2. Probes designed based on peptides sequenced by the Aberdeen Proteome 
Facility. Many potential probes were possible with the available sequence information. 
Probes 3-5 were the 18-mers with the least degeneracy of all the possible combinations. 
Probe 6 was the only 21-mer with acceptable degeneracy. 
Probe 3 	N F F H G 	G 	Degeneracy 
if 	5' AAT TTT TTT CAC GGN GGG 3' 	256 
C C C T C 
1 r 	3' 	TTA AAA AAA GAG CCN 	CCC 	5' 	256 
G G G A G 
2f 5' AAT TTT TTT CAC GGN GGA 3' Zbb 
C C C T T 
2r 3' TTA AAA AAA GAG CCN CCT 5' 256 
G G G A A 
Probe 4 H S G E N Y Degeneracy 
if 5' CAC TCN GGN GAA AAT TAC 3' 384 
T AGC G C T 
T 
ii 3' GTG AGN CCN CTT TTA ATG 5' 384 
A TCG C G A 
A 
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Probe 5 H P H S G E Degeneracy 
If 	5' CAC CCN CAC TCN GGN GAA 	3' 768 
T T AGC G 
T 
1 	3' GTG GGN GTG AGN CCN CTT 	5' 768 
A A TCG C 
A 
Probe 6 P H S G 	E N V Degeneracy 
if 	5' CCN CAC TCN GGN GAA AAT TAC 	3' 768 
T AGC C T 
T G 
1 	3' GGN GTG AGN CCN 	CTT TTA ATG 	5' 768 
A TCG C G A 
A 
Probe 3 (Table 3.2) was the APF version of the probe used in prior hybridisations. 
As such, it was thought to be a good candidate, since its sequence was somewhat 
confirmed by, and hybridisation conditions would probably be similar to, the 
Edinburgh version. With that presumption, it was the only one of the APF probes 
to be subdivided into pools thereby increasing its chance of giving a strong signal. 
3.1.3 Genomic DNA preparation 
The first step in preparing Southern blots was to extract the DNA to be probed from 
B. vesicularis cells. Two potential sources of DNA existed: the bacterial chromosome 
and plasmids. Various plasmid preparations were attempted, using both kits and 
standard methods, however, no plasmid was isolated, and therefore, genomic DNA 
preparations were used. Genomic DNA was extracted from B. vesicularis cells using 
a Qiagen genomic tip kit. The last step of any genomic DNA extraction is 
resuspending the dried DNA in TE buffer or water. The genomic DNA of B. 
vesicularis proved particularly difficult to resuspend taking up to a week at 4 C. 
DNA was considered fully dissolved when absorbance readings stabiised, giving 
consistent values for five readings. DNA was found to dissolve in 48 hours if placed 
at 30 C with shaking at 100 rpm. B. vesicularis DNA extracted with this kit, using 6 
pl of cells, consistently yielded between 100 and 120 ng/pl of genomic DNA. 
3.1.4 Genomic DNA digests 
The duration of genomic DNA digestion was optimised to give complete digestion 
while minimising star activity. Restriction enzymes that are heated for too long, 
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even at their optimum temperatures, can begin to loose specificity and cut different 
parts of their recognition sites. This phenomenon is termed star activity. The 
purpose of the Southern blots is to determine the exact location of the gene within 
the genomic DNA digests and star activity could, at worst, cause fragments not to 
ligate to the vector in the subsequent steps. Therefore, the minimum time required 
for digestion was determined [72]. 
Initially, four sets of digestion reactions were prepared, each with equal 
concentrations of DNA and restriction enzyme and allowed to digest for 1 h, 5h, lOh 
and overnight. Upon examination by agarose gel electrophoresis, it was found that 
5h, 10 h, and overnight reactions all digested the DNA to completion. To close in on 
the optimal digestion time, three sets of digests were prepared and allowed to digest 
for one, two and three hours. When all digests were complete their patterns 
examined on an agarose gel (Figure 3.1). 
Figure 3.1. Agarose gel of gDNA digest trials. Bottom lanes (1 hour): i Barn HI 2) Bgi 
Ill 3) Eco RI 4) Hind III 5) Sau lilA 6) Sma I. Top lanes 1-6 (2 hours): 1) Barn HI 2) Bgl III 3) 
Eco RI 4) Hind III 5) Sau lIlA 6) Sma I. Top lanes 7-12 (3 hours): 7) Barn HI 8) BgI III 9) Eco 
RI 10) Hind III 11) Sau lilA 12) Sma I. Sma I digests were not related to Southern blots, but 
were used in construction of expression libraries and for PCR cloning. 
The difference between the samples that were digested for one hour versus two and 
three is readily apparent. Much of the DNA in the one hour digest (bottom row) in 
lanes 2, 4 and 6 remains undigested, while in lanes I and 3, the intensity of the 
smear is higher up on the gel, indicating incomplete digestion. In the two and three 
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hour digests (top row), there is no intense band of undigested DNA except in lanes 
4 and 10 (Hind III). Three hour digests had a more even spread of DNA than two 
hour digests. Based on these results, Hind III was discounted, and the other four 
enzymes were used for three hours to digest genomic DNA for Southern blots. 
3.1.5 Hybridisations with Edinburgh probes 
3.1.5.1 Southern blots and hybridisations 
The following Southern hybridisation experiments are tabulated at the end of the 
section in Table 3.3. 
Hybridisation 1 
Initially, hybridisations were carried out using a standard Amersham hybridisation 
solution. This buffer allows hybridisations to be carried out overnight. It is also 
used as the blocking solution since it contains 0.43% BSA. Prehybridisation was 
carried out at 52 °C for two hours, after which hybridisation was carried out for 
approximately 18 h. The membrane was then washed in 2X SSC/0.1% SDS, which 
is not a very stringent wash, ensuring that the probes would not be washed away. 
These conditions were chosen to confirm whether or not the hybridisation 
temperature was appropriate. After hybridisation, the membrane and film were 
placed in an Amersham Hypercassette, and the film exposed to the radioactive blot. 
After 24 h no signal was detected, so a new sheet of film was exposed for 48 h. No 
bands were detected after 48 h so yet another sheet of film was exposed for seven 
days. The 7 day film showed some very faint bands. Two to three bands were 
observed in each of the Bgl II, Eco RI and Sma I lanes. This autoracliograph showed 
that hybridisation, though weak, was occurring, and at more than one site, 
indicating that the chosen conditions were allowing promiscuous hybridisation of 
the probes. 
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Hybridisation 2 
This was a repeat of hybridisation 1 to confirm its results. This autoradiograph was 
exposed for 10 days and was clearer than those of hybridisation 1, revealing 3-5 
bands per lane, including Barn HI. The results from hybridisation 1 were 
confirmed, but seemed contradictory: it appeared from the number of bands that the 
conditions were not stringent enough, yet the weak signal strength indicated that 
they might be too stringent. These seemingly contradictory results could be 
explained by the following reasoning: the weak signal could have resulted from an 
insufficiency of target (genomic) DNA on the membrane ,resulting in little 
hybridisation, while what hybridisation did take place was accurate. This problem 
was not considered to be the result of decayed Y32PATP or poor labelling of the 
oligonucleotides as these were verified with the Geiger counter prior to 
hybridisation. 
Hybridisation 3 
In response to the results of hybridisation 2, the amount of digested genomic DNA 
was doubled on this attempt. This was verified by staining the membrane with 
Methylene Blue prior to hybridisation. In comparison to previous blots, this 
revealed a noticeable increase in intensity, confirming that more DNA was 
transferred to the membrane. Simultaneously, the stringency of the wash steps after 
hybridisation was increased (0.5X SSC/0.1% SDS) to reduce the number of bands. 
Autoradiographs were exposed for seven days, but no band appeared. The 
stringency of the washes may have been too high, with the result that the probes 
were washed off the membrane. 
Hybridisation 4 
From this point on, a new hybridisation solution was used as Amersham had 
discontinued production of the solution used for hybridisations 1-3. The new 
solution (Amersham Rapid-Hyb) allowed for hybridisations to be carried out in one 
hour instead of overnight, and was also used to block the membrane during 
prehybridisation. 
Results and Discussion: Cloning 
According to the protocol, this solution was more effective, allowing hybridisation 
to take place at slightly lower temperatures. Therefore, this hybridisation was 
carried out a 50 °C for one hour, following which, the membrane was washed in a 
buffer concentration down to 0.5X SSC/0.1% SDS. After exposure for 48 h, the film 
revealed long smears in all lanes. These smears, however, had the appearance of 
shadows from the digested DNA rather than probe binding to the whole length of 
the lane. The conclusion was that no probe had bound to the membrane. 
Hybridisation 5 
Due to the lack of hybridisation in number 4 above, this hybridisation was carried 
out at 42 °C, followed by washing in buffer concentrations down to lx SSC/0.1% 
SDS. This autoradiograph had smears of even greater intensity than hybridisation 
4, and was very dirty: the film was spotted with black dots. This kind of 
background contamination can be caused by incomplete blocking of the membrane, 
precipitated SDS, old Y32PATP or incomplete immersion of the blot due to 
insufficient buffer or air bubbles. However, through the spotty background, several 
distinct bands could be made out in each lane, indicating that either the temperature 
was too low or the stringency of the washes insufficient. 
Hybridisation 6 
The results of hybridisation 5 indicated that conditions were too permissive. The 
temperature was substantially increased (55 °C) along with an increase in wash 
stringency (0.2X SSC/ 0.1% SDS). This autoradiograph was still spotty, but much 
less so, and no smears were present in the lanes. The few bands that could just be 
made out appeared to be isolated in their lanes. The band in Eco RI was the 
strongest and was fortunately between 3 kb and 4 kb, which gave a good chance 
that all, or at least a large portion of the gene would be on this fragment. Based on 
this autoradiograph a genomic sub-library was prepared for colony blotting 
(3.1.5.2). 
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Figure 3.2. Autoradiograph of hybridisation 6. Probes hybridised to genomic DNA in 
only one area of the Eco RI digest between 3 and 4 kb. The other digests also showed 
hybridisation to one or at most two places (red boxes), indicating that hybridisation 
conditions were just right for hybridisation of only the most accurate probe to its 
complementary sequence. Based on this hybridisation, the next steps were taken towards 
cloning PVA oxidase. 
Table 3.3. Summary of hybridisation conditions with Edinburgh University based 
probes. 	+++' indicates excessive hybridisation, 0' indicates no hybridisation, and 
indicates one band per lane (supposedly perfect conditions). 
Hybridisation Hybridisation Hybridisation Hybridisation 	Wash 	Result 
attempt 	solution 	time (h) 	temp (CC) 	stringency 
I Amersham -18 52 2X SSG 
standard 
2 Amersham -18 52 2X SSC 
standard 
3 Amersham -18 52 0.5X SSC 0 
standard 
4 Rapid-hyb 1 50 0.5X SSC 0 
5 Rapid-hyb 1 42 1X SSC 
6 Rapid-hyb 1 55 0.2X SSC 
3.1.5.2 Colony blots and hybridisations 
Colony hybridisation experiments were started following the results of Southern 
hybridisation 6. In the Southern hybridisations above, the approximate size of the 
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target DNA fragment was determined. Here, attempts at physically locating 
individual fragments of DNA are made by isolating them into isolated bacterial 
colonies. Once the bacterial library is plated out and screened, individual clones 
containing the complementary sequence to the probe can be located and their 
plasmids extracted. In theory, these plasmids' insert contains the DNA fragment of 
interest. 
Colony hybridisation differs from Southern hybridisation only in the preparation of 
the membranes. In colony hybridisation, colonies are transferred directly onto the 
membrane. This membrane must then be treated to lyse the cells, clear the cell 
debris, and leave only the exposed single stranded DNA loosely bound to the 
surface of the membrane in the same location as the colony it was extracted from. 
Finally, DNA is crosslinked to the membrane by UV light. 
a 
r2. 
Figure 3.3. .3. Colony blots and autoradiographs of colony blots after hybridisation. 
Dark spots on the autoradiographs are a combination of hits, where probes and DNA 
hybridised, and shadows caused by colony debris left behind, during the colony lifting 
process. 
A genomic DNA sub-library was prepared for screening by hybridisation. The 3-4 
kb fraction of Eco RI digested DNA was ligated into pre-cut and dephosphorylated 
pUC19 plasmid vectors. The plasmid library was then transformed into XL2-Blue 
Ultracompetent cells according to the manufacturer's protocol. The resulting 
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bacterial library was plated onto LB ampicillin plates. The bacteria were transferred 
to membranes and treated as above. The membranes were then subjected to 
hybridisation with the same probe and conditions (55 °C/0.2X SSC/0.1% SDS) as 
hybridisation 6 (3.1.5.1). 
The resulting autoradiographs were very spotted making the distinction between 
hits and false positives difficult (3.1.7.2). Despite this difficulty, four true hits were 
picked out from the noise. The corresponding colony for each positive was 
identified. These were then used to inoculate overnight cultures. These cultures 
were then centrifuged and their plasmids extracted using standard Qiagen miniprep 
kits. The resulting plasmid solutions theoretically contained pUC19 vectors with 
the DNA fragment including the target sequence. Before sequencing, the validity of 
these hits was rechecked, by dot blotting the isolated plasmid DNA. 
3.1.5.3 Dot blots and hybridisations 
Dot blots operate on the same principles as Southern and colony blots, the 
difference being the way DNA is applied to the membrane. A purified DNA 
solution is spotted onto a membrane, in a similar manner to thin layer 
chromatography. The spots are allowed to dry, the DNA crosslinked, and the 
membrane hybridised under the same conditions that resulted in a hit during 
Southern hybridisation. This is a step used to confirm that the DNA in solution is in 
fact that which generated the original hit. 
The extracted plasmid DNA was applied to the membrane, denatured, neutralised, 
and crosslinked. The membrane was then hybridised at 55 C and washed in a 0.2X 
SSC/0.1% SDS solution. The resulting autoradiographs did not show hybridisation 
of the probe to the spotted areas (Figure 3.4), indicating that the plasmids did not 
contain the correct DNA fragment. This test was repeated, but only confirmed the 
negative result. 
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Figure 3.4. Autoradiograph of dot blot. White circles under the numbers represent where 
plasmid DNA was spotted. Positives would appear as darker areas within the circles. From 
this autoradiograph it is apparent that none of the four plasmid solutions or the negative 
control were hybridised. This autoradiograph is highly contaminated with background 
radiation, but the areas of interest remain sufficiently clear to analyse. 
The colony hybridisations were rechecked to confirm that the correct colonies had 
been picked. The suspected hits did in fact coincide with the chosen colonies, 
leading to the conclusion that these were false positives. 
Immediately after carrying out the dot blots, the results of the amino acid 
sequencing carried out at the Aberdeen Proteome Facility were received, revealing 
disagreement in the sequence interpretation (2.5.2.4). This had a direct and adverse 
impact on the credibility of the above hybridisation experiments, considering that 
the questionable sequence was used to design the probe. Since the results of the 
Southerns were tentative at best - they had never given a strong signal - and there 
was reason to believe that the first round of amino acid sequencing was unreliable, 
the decision was made not to continue using these probes for cloning. At this point, 
the focus changed to PCR cloning (3.2), which was now possible with the sequence 
information from the APF. Later, Southern hybridisations were again attempted 
with the probes designed from the APF sequence (3.1.6). 
3.1.6 Hybridisations with Aberdeen probes 
This round of hybridisations was carried out after PCR cloning (described in Section 
3.2) had been attempted with the sequence information from the APF. Using the 
new sequence information, the first hybridisations were again performed using the 
Amersham Rapid-hyb buffer. These hybridisations continued to be spotted with 
background contamination despite a great deal of troubleshooting. Therefore, the 
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hybridisation solution was substituted for one of more classical composition, which 
greatly improved the clarity of the autoradiographs. Concurrent to the buffer 
change, the probe was also changed in the hope of achieving greater success with a 
different set of oligonucleotides. 
3.1.6.1 Southern blots and hybridisations 
The following Southern hybridisation experiments are tabulated at the end of the 
section in Table 3.4 
Hybridisation 7 
Using the 'corrected' probe (based on NFFHGG instead of NFFAGG, Table 2.1 and 
Table 3.2) the first hybridisation was attempted using identical conditions to 
Hybridisation 6 (3.1.5.1) above (55 °C and 0.2 X SSC/0.1% SDS). The 
autoradiograph turned out to be spotty, but one band could be distinguished in the 
Bgl II lane and two (possibly three) in the Sma I lane. On the assumption that this 
probe was based on correct sequence information, it was expected to give a stronger 
signal than was obtained in hybridisation 6. However, not only did the signal 
strength remain unchanged, the probe did not even hybridise to the same areas of 
the blot. 
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Figure 3.5 Comparison of Hybridisation 6 to Hybridisation 7. Hyb. 6 on the left. has 
distinct bands in the Barn HI (1.5 kb), Bgl 11(4.5 kb), and Eco RI (3.8 kb) lanes. whereas 
Hyb. 7 on the right has more dispersed bands in the Bgl 11(5.0 kb) and Srna 1(0.75, 5.0, 10.0 
kb) lanes. 
Hybridisation 8 
This was an attempt to confirm the results of hybridisation 7, while simultaneously 
cleaning up the blot. To this end, the wash stringency was increased from 0.2 X 
SSC/0.1% SIDS to 0.IX SSC/0.1% SDS with the hybridisation temperature held 
constant. Autoradiographs still showed background spots and there were no longer 
any visible bands on the autoradiograph. The disappearance of the bands due to a 
relatively minor change in stringency implied that the probe's complementarity 
must have been quite weak to begin with. Based on this conclusion, and the fact 
that the probes had not hybridised to the same areas of the blot as in hybridisation 
6, experiments with this set of probes were halted in favour of a completely new 
probe and a standard hybridisation solution. 
Hybridisation 9 
An entirely new approach was taken from this point on. A different hybridisation 
solution composed of SSPE, SDS, milk powder, and PEG 6000 was used for 
hybridisations as well as prehybridisations (Section 5.2.5). The probes were also 
93 
Results and Discussion: Cloning 
changed: they were now based on sequence from another peptide (HSGENY) (Table 
3.2). This was an entirely new system, therefore, hybridisation conditions had to be 
re-established. The starting conditions for these hybridisations were 50 °C for 18 h, 
after which, membrane washes were carried out down to a stringency of 0.5 X 
SSC/0.1% SDS. Autoradiography was not significantly improved, with exposure 
still taking five days. The resulting autoradiograph showed promiscuous 
hybridisation, indicating that conditions were lacking in stringency. However, the 
film was very clean with only a few background spots. 
Hybridisation 10 
This hybridisation was designed to be a scouting run, rather than an attempt at 
fixing the conditions in one experiment. The hybridisation was carried out in the 
same manner as hybridisation 9, with the exception of a change in hybridisation 
temperature from 50 °C to 60 °C. The washes were kept permissive to allow the 
temperature to be the governing variable (1X SSC/0.1% SDS) in hybridisation. Such 
a large increase in temperature was expected to result in a blank autoradiograph: it 
was done specifically to ascertain the upper limit of hybridisation temperature, 
thereby saving time if such a temperature was indeed permissible. Were that 
indeed the case, the more conventional -2 C  temperature increments would lead to 
numerous time intensive hybridisations and autoradiographs, potentially resulting 
in the loss of months. As expected this autoradiograph was blank after 48 h, 7 days 
and 10 days of exposure, confirming that hybridisation temperatures fell between 50 
°C and 60 C. The autoradiograph was again devoid of background spots. 
Hybridisation 11 
Conditions were altered to be more permissive for hybridisation. Hybridisation 
was carried out at 55 °C for approximately 18 h, following which the membrane was 
washed with an increased stringency of 0.2 X SSC/0.1% SDS. The experimental 
plan for this hybridisation called for a wash stringency identical to hybridisation 10 
(0.5 X SSC/0.1% SDS). However, following initial wash steps, the membrane was 
scanned with the Geiger counter and found to be particularly radioactive, 
registering readings in the range of 20 counts/s over a large part of the membrane, 
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whereas normally, readings of approximately 5 counts/ s over discrete areas of the 
membrane are expected. For that reason, another wash of 0.5 X SSC/0.1% SDS 
solution was carried out, but counts remained high. Therefore, wash stringency 
was increased to 0.2 X SSC/0.1% SDS. After this wash, the Geiger counter 
registered more expected readings. The film was exposed for 48 h, but was blank 
after development. A second film was exposed for seven days but was still blank. 
This lack of hybridisation was surprising considering the high radioactivity of the 
membrane. However, the last wash step did clean it of most of the probe. Although 
the membrane still retained some radioactivity after the final wash, presumably it 
was not sufficient or properly distributed to appear on the film. 
At this point, Southern hybridisation was discontinued altogether as a method of 
locating the gene, due to practical considerations. Instead, efforts were concentrated 
on building and screening an expression library (Section 3.3). 
Table 3.4. Summary of hybridisation conditions with APF based probes. '+++' 
indicates excessive hybridisation, '0' indicates no hybridisation, and ' indicates one band per 
lane (supposedly perfect conditions). 
Hybridisation Hybridisation Hybridisation Hybridisation Wash Result 
attempt solution time (h) temp (SC) stringency 
7 Rapid-hyb 1 55 0.2X SSC 
8 Rapid-hyb 1 52 2X SSC 
9 lwanejko -18 50 0.5X SSC 
10 lwanejko -18 60 1XSSC 0 
11 Iwanejko -18 55 0.2XSSC 0 
3.1.7 Hybridisation troubleshooting 
3.1.7.1 DNA transfer and crosslinking 
When repeated Southern hybridisations proved unsuccessful, certain basic 
problems were considered. One potential problem was the transfer of genomic 
DNA to the membrane during blotting. Another possibility was unsuccessful 
crosslinking, potentially resulting in the washing away of DNA during 
hybridisation. To verify the success of the transfer and crosslinking, the membrane 
was stained with a solution of Methylene Blue immediately after crosslinking and 
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once again after a mock hybridisation containing no radiolabelled probe. Prior to 
hybridisation, the stain was removed by immersing the membrane in 90% ethanol. 
A 
Figure 3.6. Hybond N membranes with crosslinked DNA stained with Methylene Blue. 
Photo A was taken just after UV crosslinking, proving that DNA had transferred over during 
blotting. Photo B was taken immediately after a mock hybridisation, lacking only radio 
labelled probe. 
Methylene Blue stains DNA making it visible without the need for UV light. The 
photo taken after crosslinking shows that DNA was present on the membrane, 
thereby proving that the DNA had transferred during blotting. Staining after 
hybridisation still showed DNA on the membrane, proving that the DNA was well 
attached to the membrane. These findings eliminated the possibility that the 
problem with hybridisation was due to the absence of genomic DNA on the 
membrane. 
3.1.7.2 Hybridisation: background problems (Amersham Rapid-Hyb solution) 
Positive hits in Southern hybridisations appear in the form of bands on 
autoradiographs. In colony hybridisations, hits appear in the form of round spots, 
identical in shape and size to the bacterial colony from which they originate. 
Background 'noise' in both Southern and colony hybridisation experiments, appears 
in the form of dark round dots, that are often identical to hits in colony blots. In 
Southern hybridisation, this is not a problem, as it is quite simple to distinguish a 
band from a spot. However, in colony hybridisation, making the distinction 
between false positives and true positives is quite difficult. Additionally, the 
remnants of colony debris on the membranes cause a shadow, which appears on the 
autoradiographs, and also resemble a hit. This creates yet another source of 
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background noise in this process. Together, these effects can result in a great 
number of false positives, which waste a great deal of time, making it imperative to 








Figure 3.7. Autoradiographs of Southern and colony blots. The round background 
spots on the Southern blot are easily distinguished from the hits which are in the shape of 
bands on a gel. This is not the case for the colony blots where hits and background can look 
identical. The large black spots are obviously background; however, the smaller spots are 
impossible to distinguish from the hits, except by direct comparison with the Petri plate from 
which the membrane originates. The differentiation of positives from false positives is 
carried out by lining up the plate and the autoradiograph and comparing the position of spots 
to colonies on the plates. Where dots and colonies coincide, these are considered true 
positives. 
In order to minimise background noise, two precautions must be taken. The first is 
to reduce the number of ghost colonies on the autoradiograph, by ensuring that the 
membranes are very clean before hybridisation. This is accomplished by making 
sure the plates are cold (4 'C) when performing the colony lifts, and by scraping off 
the debris once the membranes have been treated. The second presents a greater 
challenge, which is to reduce the background spotting that results from the 
hybridisation process. 
The possible sources of this spotting are precipitated SIDS, incomplete blocking of 
the membrane during pre-hybridisation, old stocks of Y 32PATP, and exposure of 
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the membrane to air bubbles in the hybridisation tubes. Therefore, all SDS stock 
solutions were pre-heated (60 °C) for at least one hour before mixing with SSC wash 
solutions, which were freshly made before every hybridisation. Although these 
measures did not resolve the spotting problem, pre-heating SDS was nonetheless 
continued throughout, and volumes of hybridisation and pre-hybridisation 
solutions were increased to ensure complete immersion of the membranes. 
Additionally, pre-hybridisation time was increased to a minimum of one hour, 
instead of the 15 min called for in the protocol. Furthermore, solution transfers 
were handled with extreme delicacy to avoid the introduction of any bubbles in 
these viscous solutions. Still, this did not consistently solve the problem. 
Consequently, for the course of two or three blots, no Y 32PATP that was older than 
one half-life was used. This did not consistently solve the problem either. Despite 
applying all the troubleshooting measures from the manufacturer's protocol, from 
those found in Molecular Cloning [73] and Current Protocols in Molecular Biology 
[74], and from recommendations obtained in discussions with the manufacturer's 
technical support staff, this problem persisted. As a result, the hybridisation 
solution was changed from the Amersham Rapid-Hyb to a standard hybridisation 
solution (Section 5.2.5). Although slower than the Rapid-hyb solution, this change 
almost eliminated the background problems. 
3.2 Cloning by PCR 
When amino acid sequence information was obtained from the Aberdeen Proteome 
Facility, it became possible to implement PCR cloning strategies. Since two distinct 
peptides were sequenced, forward and reverse degenerate primers could be 
designed, allowing PCR experiments to be primed by pools of these degenerate 
primers. This type of PCR, using degenerate primers is referred to as mixed 
oligonucleotide-primed amplification of cDNA (MOPAC) [73]. MOPAC is the first 
step in an 'inverse PCR' strategy using three consecutive PCRs leading to cloning 
the entire gene of interest. 
The following strategy is also outlined in Figure 3.8. In the first step, MOPAC is 
used to amplify an internal segment of the gene. When an amplification product is 
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obtained from MOPAC, it is sequenced to confirm that it is in fact an amplicon of 
the target sequence. If it is, the now unambiguous DNA sequence of that segment is 
utilized to design primers for the inverse PCR step. The goal of this second step is 
to obtain the sequence of the regions flanking the internal portion amplified in 
MOPAC. This is done by modifying the template DNA and using the accurate 
primers based on the first amplicon's sequence. The template (genomic) DNA is 
randomly digested by Sau lilA (4-base cutter), in such a manner to obtain DNA 
fragments of roughly the size of the gene or slightly bigger. This digested DNA is 
then circularised by self ligation. The circular DNA fragments become the new 
template. The primers are designed to prime outward from the MOPAC amplicon. 
The resultant PCR product includes all the DNA on the circular template, excluding 
the first amplicon. This PCR product is then sequenced to identify the promoter 
and stop codon, which delimit the gene. A third and final PCR step is then used to 
clone the entire gene [73]. This final PCR utilises primers that flank the extremities 
of the gene and prime inward. Unmodified genomic DNA is again used as the 
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3.2.1 Mixed Oligonucleotide-primed Amplification of cDNA (MOPAC) 
Although the name of the method refers to cDNA, any DNA containing the target 
sequence can be used [73]. Therefore, it is equally applicable to the genomic DNA 
which was used as the template in these experiments. MOPAC is based on using 
pools of degenerate oligonucleotides, just as in Southern hybridisation. However, 
PCR is far less robust and can be upset by conditions that would not hinder 
Southern hybridisation. The tolerance to degeneracy is smaller: MOPAC cannot 
tolerate more than 64 different primers in a set. Depending on the sequenced 
peptide's level of degeneracy, it can become necessary to carry out multiple PCRs 
for each set of conditions attempted. To keep workload manageable and increase 
the probabilities of obtaining a PCR product, certain guidelines must be followed. 
Firstly, primers should be designed from peptides of at least 6-7 amino acids in 
length. Since the positions of the peptides within the protein are unknown, primers 
must be derived from both strands of the DNA and used in all of their possible 
combinations to ensure that the target sequence is primed. The longest possible 
primers should be used, but this must be balanced with degeneracy. Primers much 
smaller than 17-mers are typically ineffective, but the efficiency and specificity of 
priming decreases as a function of pool complexity: the longer the primer the 
greater the complexity. Therefore in choosing which segments of available 
sequence to use, one should find the optimal part, having the least degeneracy for 
the longest stretch. To further reduce the complexity of the pools, codons should be 
selected based on their frequency of usage in the organism. To this end, tables of 
codon usage for Brevundimonas aeruginosa (This is the model organism for the 
Genus, and although B. vesicularis is not Pseudomonad, this was the closest match) 
were consulted to choose the two most commonly used codons for each amino acid. 
Finally, the most important position in a primer is the last codon on the 3' end. if 
this codon is not a perfect match, the chances of successful priming are greatly 
reduced. Therefore, when choosing the primer's sequence, it is desirable to end 
with Met or Trp (only one codon each) or to end at the second position of codons 
specifying Cys, Asp, Glu, Phe, His, Lys, Gin or Tyr (each of these is encoded by only 
two codons, the first two bases of which are the same for both codons) [73, 75]. 
101 
Results and Discussion: Cloning 
3.2.1.1 Primer design 
Primers were based on the two peptides sequenced by the Aberdeen Proteome 
Facility (Table 2.3). The primers were designed in adherence to the guidelines 
written above, resulting in one pool of forward and two pools of reverse primers for 
each amino acid sequence (Table 3.5). This separation into pools resulted in four 
reactions having to be examined for each set of conditions attempted. 
Table 3.5. Primer designs based on codon usage. Sequences 1 and 2 show the amino 
acid sequences followed by all possible codons and the level of degeneracy. Primer pools 1 
and 2 show the complete DNA sequences of the primers, simplified by using tables of codon 
usage. Both primers have their 3' nucleotide base dropped on the sense DNA, where 
wobble exists at position three of the codon. It is not necessary to drop the 3' end of the 
antisense DNA as there is no ambiguity in position one of those codons. However, since the 
dropped 3' codon is left in place for the reverse primers, a two-fold increase in degeneracy is 
reintroduced resulting in the need to separate the reverse primers into two pools, labelled ir 
and 2r. 
Sequence I H S G E N Y Degeneracy 
5' CAC TCN GGN GAA AAC TAC 	3' 384 
T AGC G T T 
T 
3' GTG AGN CCN CTT TTG ATG 	5' 384 
A TCG C A A 
A 
Primer pool H S G E N Y 
Degeneracy 
if 	5' GAG AGC GGC GAG AAC TA 	3' 32 
T TCG G A T 
1 r 	3' GTG TGG GGG GTG TTG ATG 	5' 32 
A AGG G T A 
2r 	3' GTG TGG GGG CTG TTG ATA 	5' 32 
A AGG C T A 
Sequence 2 E P Y F 	H I V Degeneracy 
5' GAA GGN TAG TTC GAG ATA GTN 	3' 768 
G T T 	T G 
T 
3' GTT GGN ATG AAG 	GIG TAT CAN 	5' 768 
G A A A G 
Primer pool E P Y F 	H I v 
Degeneracy 
if 	5' 	GAA CCG TAG TTG GAG ATG 	GT 	3' 	64 
G G T T T T 
1r 	3' 	GTT GGG ATG AAG GIG TAG 	GAG 	5' 	64 
G G A A A A 
2r 	3' 	GTT GGG ATG AAG GIG TAG 	GAG 	5' 	64 
G G A A A A 
For a successful PCR experiment, it is quite important that the primers have melting 
temperatures fairly similar to one another, especially when using pools of mixed 
oligonucleotides in PCR experiments where annealing temperatures are varied 
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throughout the program, as in touchdown PCR. To this end, the melting 
temperatures (Tm) of the highest and lowest melting primer were calculated for each 
pool. The equation used for this calculation takes into account the GC content of 
sequence to arrive at the T. [73]: 
Tm = 81.5°C + 16.6(log[K + + 0.41(%GC)— 	 Equation 3.1 
The decision to use HSGENY and EPYFIVG for primer design was based on this 
consideration as well as degeneracy. 
3.2.2 Touchdown PCR 
Touchdown refers to a method of doing PCR that is used when the annealing 
temperature of hybrids between primers and the template DNA is uncertain, as in 
reactions using mixed pools of oligonucleotide primers [73]. Many of the primers in 
these pools have the potential to mismatch to the template DNA and generate 
undesirable amplicons. Since it is impossible to predict the number or location of 
these mismatches, the correct annealing temperature must be determined by trial 
and error. Touchdown PCR greatly facilitates this process by eliminating the need 
to carry out lengthy optimisation, involving many PCRs. This is accomplished by 
programming the thermocycler for a step-wise decrease in annealing-segment 
temperature with each subsequent cycle (or every second cycle). The PCR is started 
with annealing-segment temperatures that are above the suspected Tm, thereby 
preventing any non-specific pairing. As the PCR progresses and the hybridisation 
temperature decreases, the first hybridisations will occur only between the primers 
and target sequence with the greatest complementarity (those that yield the target 
amplicon). As the temperature continues to drop, non-specific priming will occur. 
By this stage, however, the target amplicon will have begun its geometric 
amplification and be dominant over non-specific amplification products in 
subsequent cycles. The purpose of this technique is to avoid non-specific priming in 
the first stages; therefore, the "hot start" variation must be used [75]. This is simply 
an added step at the beginning of the PCR whereby the reaction cannot proceed 
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before the components have been heated to a temperature above the Tm, thereby 
preventing primer-dimer formation and early primer-template mismatches. One of 
the ways to accomplish this, is by using a polymerase that is activated only once it 
has been heated to 95 °C [73, 75]. 
3.2.2.1 Touchdown PCR experiments 
PCR1 
The first PCR was carried out using Stratagene Taq 2000 DNA polymerase with the 
reagent concentrations recommended in Molecular Cloning [73]. Hot start was 
accomplished by including a pause after five minutes at 95 °C and adding the 
enzyme to the reaction tubes. This program was the most basic of touchdown 
protocols, using fairly permissive conditions to give amplification a good chance of 
occurring. The annealing temperature was started at 55 °C, stepping down in 1 °C 
increments every two cycles for 14 cycles, with a final temperature of 40 °C. The 
extension segment was carried out at the standard 72 °C for three minutes. No PCR 
product was detected by agarose gel electrophoresis. 
PCR2 
This PCR was carried out as PCR 1 with the exception of using Stratagene Pfu Turbo 
instead of Taq 2000. Pfu is a polymerase with proofreading activity. It was thought 
that this might compensate for mismatch errors due to priming degenerate primers. 
No PCR product was detected by agarose gel electrophoresis. 
PCR3 
PCR 3 was carried out on eight reactions, four using Taq and four using Pfu. As 
with PCRs 1 and 2, annealing-segment temperatures were started at 55 °C and 
gradually decreased to 40 C. This time the extension temperature was lowered to 
50 °C. Considering that annealing temperatures were deliberately low to allow 
hybridisation of potentially imperfect primer with the template, it seemed that using 
extension temperatures that were substantially higher than the annealing 
temperature could lead to melting of the hybrid before it had a chance to be 
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extended. The final extension step was modified, allowing extension to proceed for 
seven minutes at 50 °C, to ensure that unfinished amplicons were fully extended. 
This time, each reaction showed a high molecular weight band on the gel. Due to its 
size, it was discounted as an amplification product. 
PCR4 
As with PCR 3 this experiment comprised two sets of reactions one with Taq and 
one with Pfu. The program was modified from PCR 3 to give the primers a better 
chance to anneal by starting the annealing-segment temperature at 50 °C instead of 
55 C. Extension temperature was brought back up to 72 °C and held for three 
minutes. Again a high molecular weight band was seen on the gel, but no genuine 
PCR product. There was a strong suspicion that the high molecular weight band 
resulted from an excessively high concentration of template DNA. 
PCR5 
This was a repeat of PCR 4 using half the template concentration. The low 
molecular weight smear was still present on the gel; however, the high molecular 
weight band intensity was much reduced. This confirmed that the band was indeed 
due to the template DNA. 
Table 3.6. Summary of touchdown PCR experiments. In the results column '0' indicates 
no PCR product. '+' indicates the presence of a PCR product on the gel. Note: PCR 5 
repeats PCR 4 but with half the concentration of template DNA. 
PCR 	Polymerase 	Annealing Step 	Extension Step 	Result 
Attempt 	 temp. ('C) time (mm) temp. (C) time (mm) 
1 Taq 55-40 1 72 3 0 
2 Pfu 55-40 1 72 3 0 
3 Taq, Pfu 55-40 1 50 3 0 
4 Taq, Pfu 50-40 1 72 3 0 
5 Taq, Pfu 50-40 1 72 3 0 
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3.2.3 Touchup PCR 
"Touchup" PCR represents a change in approach from touchdown PCR. The 
reasoning is, that if nothing else is working, it makes more sense to start with 
permissive conditions and get progressively more restrictive. This gives any 
potential amplicon the greatest chance of being amplified. Once products are 
detected, conditions can be altered as necessary, in order to eliminate the 
amplification of undesirable products. This is not a standard, published technique 
from molecular biology manuals, but is based on empirical observations, and has 
proven successful in some cases [761. 
3.2.3.1 Touchup PCR experiments 
PCR6 
These reactions were prepared using Stratagene Surestart Taq polymerase. 
Surestart is a hot start polymerase that is heat activated by adding a 92-95 °C, 9-12 
minute step at the beginning of the PCR. The thermocycler was programmed to 
start the annealing-segment temperature at 42 C and increase in 1 °C/cycle 
increments up to 55 C. Following this, 15 cycles were carried out at 55'C. The 
extension temperature was maintained at the standard 72 °C for three minutes. The 
final extension-segment was programmed to run for five minutes to fully extend 
any unfinished amplicons. Upon analysis by agarose gel electrophoresis, no DNA 
was visible on the gel. 
PCR7 
This PCR was designed to be even more permissive than PCR 6: the annealing-
segment temperature was started at 30 °C and increased by 1 °C for 15 cycles until 
43 °C was reached, at which point it was held for a further 15 cycles. The extension-
segment was carried out as before, with a final 10 minute extension. No product 
was detected by agarose gel electrophoresis. 
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PCR8 
As with PCR 7, the thermocycler was programmed to start annealing-segment 
temperatures at 30 °C and increase stepwise to 43 °C. Extension-segment 
temperatures were modified to prevent melting of the primer-template hybrid 
before extension could occur. The starting temperature was 45 °C, which also 
increased in 1 C increments for 13 cycles up to 58 °C. The extension segments were 
programmed to run for six minutes, three minutes more than at 72 °C, to 
compensate for the decreased polymerase activity resulting from the lowered 
temperature. A final extension step ran for 10 minutes at 58 °C to complete any 
unfinished amplicons. Upon analysis by agarose gel electrophoresis, a band was 
seen in the lane corresponding to the forward (HSGENY: 5'-CAY AGC GGS CAR 
AAY TA-3') and reverse (EPYFHIV: 3'-CTY GGS ATR AAR GTR TAG CAG-5') 
primer sets. This amplicon was in the molecular weight range of 0-500 bp. 
PCR9 
This was a repeat of the previous experiment to confirm that these conditions could 
reproducibly generate the amplicon. No PCR product was amplified in this 
experiment, nor was any artifactual DNA detected. 
PCR1O 
PCR 8 was again repeated, this time with 10 cycles added to further amplify any 
PCR product, ensuring its detection. Again no PCR product was detected by 
agarose gel electrophoresis. 
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Table 3.7. Summary of touchdown PCR experiments. In the results column '0' indicates 
no PCR product. 	'+' indicates the presence of a PCR product on the gel. Note: PCR 10 
repeats PCR 9, but with 10 additional cycles at 43 °C. 
PCR Polymerase 	Annealing Step Extension Step Result 
Attempt temp. (SC) 	time (mm) 	temp. (C) 	time (mm) 
6 Surestart Taq 	42-55 	 1 72 	3 0 
7 Surestart Taq 	30-43 	 1 72 	3 0 
8 Surestart Taq 	30-43 	1 45-58 	6 + 
9 Surestart Taq 	30-43 	 1 45-58 	6 0 
10 SurestartTaq 	30-43 	1 45-58 	6 0 
3.2.3.2 PCR 8 amplicon analysis 
The amplicon from PCR 8 was extracted from the gel and prepared for sequencing. 
The returned sequence was 132 base pairs in length, including the original primers 
(coloured): 
H S G EN Y Y MN G Y L 0 T S 
1 CAT AGC GGG GAG AAC TAC TAG ATG AAC GGC TAG CTG CAG ACC ICC 
L A Q I L M R Q G R FT E A E 
46 CTG GCG CAG ATG CTG ATG CGG CAG GGC CGC TTC ACT GAA GCG GAG 
A P V R Q A L E P YE H I V 
91 GCG CCC GTA CGC GAG GCG CTG GAG CCG TAG TTT CAC ATC GTG 
Upon analysis of the sequence, it was immediately obvious that the validity of this 
PCR product was questionable. Doubts arose due to the sequence upstream of the 
primer derived from the EPYFHIV amino acid sequence. The complete amino acid 
sequence of the peptide was: SXEPYFHIVG. The translation of the sequenced DNA 
was: -ALEPYFHIV. X probably represents a cysteine or a tryptophan, which were 
not analysed for during sequencing. This, combined with the fact that the PCR 
conditions were very permissive, led to the conclusion that a sequence other than 
the target had been amplified. This was further confirmed by PCRs 9 and 10 where 
this product could not be reproduced. The translated sequence was nonetheless 
compared to existing protein sequences on various databases using the BLAST [67] 
search tool. One hit was found (UniProt accession number: Q5LU72 SILPO) which 
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corresponded to a TRP protein domain which, as expected, has nothing to do with 
PVA degradation. 
3.3 Cloning by Expression Library 
The final attempt at cloning PVA oxidase was carried out using an expression 
library of the entire B. vesicularis genome. Instead of directly screening an 
organism's DNA to locate an unknown gene, an expression library is a method of 
screening all possible gene products from a particular size fraction of the organism's 
digested genome. A population of genomic DNA fragments, of a size similar or 
slightly longer than the predicted gene length, are ligated into expression vectors 
and transformed into an expression strain. This bacterial library is then plated out 
and screened. Finding the target protein among the tens of thousands of 
individuals depends on having an assay to detect the target protein, either directly, 
by detecting its presence, or indirectly, by detecting its activity. The goal is to screen 
the entire population, thereby finding the target protein. 
3.3.1 Library Generation 
The B. vesicularis genomic DNA library was created with 2.0-3.0 kb DNA fragments 
in Invitrogen pRSET vectors. These vectors are available with the MCS in three 
reading frames to ensure that the ligated DNA fragments can generate the correct 
gene product. As the predicted gene length was approximately 2500 bp, Sau lilA 
partial digests of genomic DNA were carried out such that the library was 
composed of fragments of 2.0-3.0kb. The DNA was size fractionated by agarose gel 
electrophoresis. The portions of the gel containing the 2.0-3.0 kb DNA were cut out 
and the DNA extracted with a Qiagen Gel Extraction kit. Sufficient DNA was 
purified to make three separate libraries (one in each reading frame). The genome 
size was estimated at 4 Mb based on the P. aeruginosa genome. Use of Sau lilA, a 
four base cutter, to fragment the genome was calculated to result in 80,000 different 
DNA fragments. Therefore, each of the reading frame libraries had to be composed 
of at least 80,000 individuals, assuming that each cell contains a plasimd with a 
different insert. Of course, this does not account for the stochastic distribution of 
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plasmids into cells. There is, however, built in redundancy which should, 
theoretically, mitigate this, at least in part. Taking into account the non-ideal reality, 
a screening target of 100,000 individuals was set. Accordingly, a total of 300,000 
individuals were to be screened. The DNA was ligated into the pRSET vectors. 
These vector libraries were then transformed into E. coli BL21star cells. The cells 
were then plated onto nitrocellulose membranes and screened. 
Initial attempts at generating the library were hampered by problems with 
transformation efficiencies. Transformation protocols were optimised as far as 
possible; however, this problem remained intractable. In ideal conditions, one shot 
of BL21 cell should produce around 10,000 colonies. In this case each shot was 
producing from 500 (commonly) to 5000 (rarely) colonies. Therefore, screening 
went ahead in an assembly line fashion, where several transformations were done at 
one time, and overlooking the result, the colonies were screened. 
3.3.2 Library Screening 
To locate the colony containing the target DNA fragment, the library was screened 
for oxidase activity against PVA. Expression of the pRSET vector insert is tightly 
regulated by the lacUV5 promoter. Therefore, prior to screening, the cells must be 
induced with isopropyl 3-D-thiogalactoside (IPTG) for the cloned DNA fragments 
to be expressed. After induction, the membranes were transferred to a lysis 
chamber where they were exposed to chloroform fumes to lyse the cells, releasing 
the expressed proteins. The membranes were then screened with the solid phase 
peroxidase assay (Section 2.3.1). An accumulation of dark pigment around a colony 
indicated a hit. 
As transformants were plated and grown, they were screened in whatever numbers 
they came in. Sometimes plates with 50 colonies sometimes 1000. By the time 
screening was discontinued, over 100,000 colonies had been screened, but no hits 
were detected. 
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3.4 Conclusions and future work 
In order to obtain a more amenable biocatalyst, attempts were made to clone PVA 
oxidase. After two years of efforts, using three different approaches, the gene still 
proved elusive. Experiments to isolate the gene only became possible once amino 
acid sequence information was available. The first approach taken was Southern 
hybridisation. From the start this method was problematic due to issues with high 
background noise and excruciatingly long turnaround times. When it appeared that 
a hit had been found, it was followed up with colony blotting, but proved to be a 
false positive. At the same time, further sequence information was obtained which 
contradicted the information used up to that point. Since this new information 
included the sequence to two peptides, PCR methods became possible to attempt. 
These were considered preferable to the continued use of the problematic 
hybridisation methods. After several PCR experiments, another hit was obtained in 
the form of a PCR product. Again, after further analysis, this proved to be a false 
positive. Attempts at cloning continued with both Southern hybridisation and PCR, 
but were unsuccessful. Once these rational approaches to cloning were exhausted, 
an expression library was created. Efforts at cloning with the expression library 
were hampered primarily by low transformation efficiencies. These problems were 
ignored, however, and screening was carried out regardless, as this was a last effort 
to clone the gene. Some 100,000 colonies were eventually screened, but no hits 
detected. 
3.4.1 Southern hybridisation conclusions 
The B. vesicularis genome was probed with oligonucleotides, designed from the best 
amino acid sequence available. Despite its slight ambiguity, the validity of the 
peptide with the sequence SNFFA/HGG (Table 3.2 and Table 3.5), was reasonably 
well confirmed: several sequencing experiments at two different facilities had been 
carried out, with agreement on all but one residue. Additionally the peptide had 
sequence similarity to an enzyme involved in PVA degradation. 
As with all negative results, it is difficult to draw any firm conclusions. However, 
some interesting questions do arise: why did two very similar probes hybridise to 
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different parts of the genome? Keeping in mind that the probes are 18 
oligonucleotide bases in length, meaning that there are 18 physical units binding to 
each other with a possible gap of three units where no binding occurs (this 
presumes that only one codon is mismatched and that the other sequence 
assignments are correct), one would expect there to be a tolerance to this level of 
mismatch. This tolerance might be represented in the form of more or less stringent 
hybridisation conditions, but the same locus should be bound, even if other loci are 
as well. The fact that this did not happen is puzzling. One possible explanation for 
this is that the problem could stem from the genomic DNA: either in its digestion or 
its validity as a target. Neither of these should have been a problem, however; 
digestion was optimised and genomic DNA solutions should certainly have 
contained the target sequence (discussed below). 
3.4.2 PCR conclusions 
Some of the same potential problems affecting Southern hybridisation using 
degenerate probes also affect MOPAC PCR. The primary problem is uncertainty in 
the validity of the degenerate primers. After taking two opposing approaches to 
degenerate PCR (touchdown and touchup) only one PCR product was amplified. 
This was not an amplicon of the target sequence, again raising questions: what was 
the probability that two different oligonucleotides, derived from the amino acid 
sequence of the same protein, and therefore physically close on the bacterial 
chromosome, would have annealed to the genomic DNA within some hundred 
nucleotide bases of each other, if they were not derived from accurate sequences? 
Conditions may have been so permissive that a high level of mismatch was 
tolerated. However, if conditions were permissive enough for a false positive, by 
definition they should have been permissive enough, and indeed favourable to, 
amplification of the target sequence, resulting at the very least in multiple PCR 
products. Of course, this contention does not hold true if the sequences were 
incorrect. 
The next fundamental question raised is whether or not the DNA being probed and 
amplified was in fact the correct DNA to be probing and amplifying; was the gene 
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in fact in the organism's genome, or was it on a plasmid? Early on, when 
optimising genomic DNA preparations, attempts were made at extracting a 
plasmid: no plasmids were purified. Several attempts were made with different 
methods, leading to the conclusion that the strain did not carry a plasmid, but again, 
it is almost impossible to prove a negative. If this strain did in fact carry a plasmid, 
it should have been co-purified with the genomic DNA, and so screened along with 
it, mitigating that possibility. 
3.4.3 Expression library conclusions 
Once the two rational approaches to gene isolation had been taken, it was felt that a 
change of approach might be more successful and an expression library was created 
and screened. This is the least elegant method of the three, relying on a large scale 
effort to screen an entire population. Nevertheless, it is often an effective method. 
Its primary drawback, however, is its added levels of complexity. Not only must 
the library DNA and the screen be handled correctly, but it also relies on the protein 
being expressed correctly. That involves numerous complicated processes that have 
to work together perfectly and in the proper order. The advantage is that if it 
works, all that is left to do is to propagate and maintain a stock of the clone. 
However, if it does not, it is almost impossible to troubleshoot effectively. 
Therefore, once optimised, it is useful to set a target number of individuals to 
screen, and then stop, without attempting to determine why it failed. In this case, 
the target number was not reached to do to practical difficulties and time 
constraints. However, one third of the target number was screened, and taking into 
account redundancy inherent to the plasmid library, a larger portion of the genome 
may indeed have been screened. 
Finally, should efforts at cloning PVA oxidase be carried on, it would certainly be 
useful to continue making and screening the expression library until the target 
number is reached. Beyond this, as stated in Section 2.7, the priority is to obtain 
more and higher quality amino acid sequence information. Without this, doubts 
will remain as to the validity of the tools used to probe and prime the genomic 
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DNA. Therefore, cloning methods relying on amino acid sequence information 
should be postponed until highly reliable oligonucleotides can be designed. 
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4 Experimental: Protein purification and analysis 
4.1 Brevundimonas vesicularis growth and harvesting 
4.1.1 Colony purification from mixed cultures on plates 
To obtain pure cultures, a minimum of three rounds of colony purification were 
necessary. Patches of growth on agar plates suspected of containing B. vesicularis 
were picked with a sterile metal loop and streaked out on TY-PVA agar plates. 
These plates were allowed to grow seven to eleven days until individual colonies 
were visible. The individual colonies were sampled and examined by light 
microscopy. If these colonies were confirmed as B. vesicularis, they were streaked 
out on plates and allowed to grow. This procedure was then repeated twice more to 
ensure pure cultures. 
4.1.2 Colony purification from mixed liquid cultures 
Serial dilutions of mixed cultures were plated out to obtain plates with discrete 
single colonies. The single colonies suspected of being B. vesicularis were then 
streaked out as in 3.1.1 above. 
4.1.3 Strain identification: visual 
Visual identification of B. vesicularis was carried out by looking for colonies that 
took a minimum of seven day to become visible to the eye. These colonies were 
either entirely pigmented, coloured yellow to light brown or partially pigmented 
with a white border and yellow to light brown inside. The pigment also diffused 
into the surrounding agar. 
4.1.4 Strain identification: light microscopy 
Samples of liquid cultures or samples of colonies suspended in water were dropped 
onto slides and covered with cover-slips. The slides were then examined at 1000X 
magnification using the 100X oil immersion objective with phase contrast. 
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B. vesicularis are rods of approximately 1.4-1.8 pm in length and 0.2-0.4 pm in width 
and have limited motility. These bacteria showed easily recognisable due to 
patterns of movement and their distinctive shape. 
4.1.5 Strain identification: iodine-boric acid reagent 
B. vesicularis were grown on TY-PVA plates for at least nine days then sprayed with 
the iodine/boric acid reagent using a pump operated atomiser. Excess reagent was 
swirled around the plate to evenly coat it. The reagent was left to react for 
approximately one minute. Zones where PVA had been degraded around the 
B. vesicularis were normally coloured. Zones away from B. vesicularis, where PVA 
was present, stained blue. Clearing zones around colonies were taken to indicate 
the presence of B. vesicularis. 
4.1.6 B. vesicularis liquid cultures 
Starter cultures were inoculated with single colonies of strain PH. The starter 
cultures consisted of 100 ml of TY-PVA in a 300 ml baffled flask. This was grown 
for 72 hours in a shaking incubator at 30°C and 160 rpm. Main cultures were 
prepared by aliquoting 660 ml of TY-PVA to 21 baffled flasks and inoculating with 
7 ml (- 1%) of starter culture. Main cultures were grown either for 72-96 hours, 
depending on the experiment. As PVAO is secreted into the medium it was 
harvested by centrifuging the cultures for 30 minutes at 10,000 g.  The supernatant 
containing the PVAO was decanted and kept for purification. 
4.1.7 Glycerol Stocks 
500 pl aliquots were taken from liquid cultures and dispensed into 1.8 ml Nunc 
cryo-tubes. 500 pl of sterilised glycerol was then added to the tubes and mixed by 
pipetting up and down. Tubes were then stored at -80 °C. 
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4.2 General purification methods 
4.2.1 Ammonium sulfate precipitation 
The supernatant from strain PH cultures was precipitated with ammonium sulfate 
at 65% saturation. The precipitated proteins were spun down at 15,000g for 
30 minutes and the supernatant decanted. The pellet was resuspended in the 
smallest possible amount of 20 mM tris-HC1 pH 8.5 and dialysed. 
4.2.2 Dialysis 
Dialysis tubing was cut to accommodate the protein solution (approx. 50 ml) and 
soaked in dH20 for 10 mm. The protein solution was then poured in and the tubing 
immersed in a volume of 20 mM tris-HCL pH 8.5 50X greater than the volume of the 
protein solution, for 3 hours at RT with stirring. After 3 hours the buffer was 
discarded and dialysis was continued with fresh buffer for a further 3 hours. 
4.3 Gravity and pump column chromatography 
4.3.1 Q sepharose column 
Column: disposable 25 ml column packed with 5 ml Q sepharose FF 
Load: 2 ml protein solution 
Wash: 8 CV 20 mM bis-tris propane pH 7.0 
Elution: Step 1: 5 CV 20 mM bis-tris propane pH 7.0, 100 mM NaCl, Step 2: 5 
CV 20 mM bis-tris propane pH 7.0, 500 mM NaCl 
Column clean: 10 CV 20 mM bis-tris propane pH 7.0,1 M NaCl 
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4.3.2 Hitrap Q fast flow column 
Column: Pharmacia Hitrap Q FF 5 ml 
Load: 50 ml protein solution 
Wash: 10 CV 20 mM tris-HCI pH 8.5 
Elution: Step 1: 10 CV 20 mM tris-HC1 pH 8.5, 100 mM NaCl, Step 2:6 CV 20 
mM tris-HQ pH 8.5, 1 M NaCl, Step 3: 6 CV 20 mM tris-HQ pH 
8.5,2 M NaCl, Step 4:2 CV 20 mM tris-HC1 pH 8.5,5 M NaC1 
Column clean: 10 CV 20 mM tris-HC1 ph 8.5 
4.3.3 SP sepharose column 
Column: disposable 20 ml column packed with 1 ml SP sepharose FF 
Load: 20ml of protein solution 
Wash: 20 CV 20 mM NaOAc pH 4.5 
Elution: Step 1: 20 CV 20 mM NaOAc pH 4.5, 
Column clean: 20 CV 20 mM NaOAc pH 4.5,1 M NaC1 
4.3.4 Hitrap Blue column 
Column: Pharmacia Hitrap Blue 5 ml 
Load: 20m1 of protein solution 
Wash: 12 CV 25 mlvi K phosphate buffer pH 7.0 
Elution: Step 1: 8 CV mM K phosphate buffer pH 7.0,1.5 M NaCl 
4.3.5 Hitrap DEAE fast flow column 
Column: Pharmacia Hitrap DEAE ff 1 ml 
Load: 2 ml protein solution 
Wash: 8 CV 20 mlvi bis-tris propane pH 7.0 
Elution: Step 1: 5 CV 20 mM bis-tris propane pH 7. 0, 100 mm NaCl, Step 2: 5 
CV 20 mM bis-tris propane pH 7.0, 500 mM NaCl 
Column clean: 10 CV 20 mM bis-tris propane pH 7.0, 1 M NaC1 
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4.3.6 Hitrap Desalting column 
Column: Pharmacia Hitrap desalting 5 ml (3 columns attached in series) 
Load: 4.5 ml concentrated protein solution 
Elution: 6 ml 25 mlvi KPi buffer pH 7.0 
Wash: 10 ml 25 mM KPi buffer pH 7.0 
4.4 FPLC purifications 
4.4.1 Q sepharose column packing (100 ml column) 
Approximately 110 ml of Pharmacia Q sepharose FF solution was degassed in a 
filter flask with stirring for 1 hr. 100 ml were poured into a Pharmacia )(K 16 
column using the Pharmacia RK 16/26 packing reservoir. The column was then 
filled to the top with 20 mM KPi buffer and connected to the pump. Buffer was 
pumped into the column at 20 ml/min approximately 2 hrs. until the bed was no 
longer seen to compress. 
4.4.2 Q sepharose chromatography (lOOml column) gradient 
Column: Pharmacia XK 16, bed volume = 100 ml 
Buffer A: 20 mM tris-HC1 pH 8.5 
Buffer B: 20 mM tris-HO pH 8.5,1 M NaCl 
Flow rate: 10 ml/min 
Fraction size: 10 ml 
Column wash: 2 CV 100% buffer A 
Elution: 5 CV 100% buffer A to 100% buffer B 
Clean: 3 CV 100% buffer B 
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4.4.3 Q sepharose chromatography (lOOml column) step gradient 
Column: Pharmacia XK 16, bed volume = 100 ml 
Buffer A: 20 mM tris-HC1 pH 8.5 
Buffer B: 20 mM tris-HC1 pH 8.5,1 M NaC1 
Flow rate: 10 ml/min 
Fraction size: 10 ml 
Column wash: 2 CV 100% buffer A 
Elution: step 1: 10% buffer B, step 2: 100% buffer B 
Clean: 3 CV 100% buffer B 
4.4.4 Phenyl sepharose chromatography 
Column: Pharmacia 1 ml HiTrap phenyl HP 
Buffer A: 20 mM Na phosphate buffer pH 7.0, 1.5 M NH 4SO4 
Buffer B: 20 mM Na phosphate buffer pH 7.0 
Flow rate: 1 ml/min 
Fraction size: 2 ml 
Column wash: 5 CV 100% buffer A 
Elution: 100% buffer A to 100% buffer B 
Clean: 5 CV 100% buffer B 
4.5 Oxidase activity assays 
4.5.1 Peroxidase assay 
100 pl of assay mixture (50 ml: 10 ml 1M KPi buffer, pH 7.0, 1 ml 
tribromohydroxybenzoic acid in DMSO (2% w/v), 75 pl 4-aminoantipurine (1 M), 
make up with H20), 89 pl 1% w/v PVA in 5 mIVI KPi buffer pH 7.0, 1 pl 1 mg/ MI 
HRP, 10 pl PVAO sample were added to a 96 well plate. Samples were read at 510 
nm on a VersaMax plate reader and the background at 700 nm was subtracted. 
Absorbences were recorded every 60 seconds for at least 10 minutes or however 
long was needed for colour to develop. 
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4.5.2 Solid phase assay 
Each plate assayed required 10 ml of the assay mixture (1 mL NaPi 1 M, pH 7.0, 
3.26 ml H20, 40 p.l peroxidase 1 mg/ ml, 1 ml 1% w/v PVA in 5 mM KPi buffer, pH 
7.0, 150 pL 4-chloronaphtol (1 pellet in 848 pL DMF), 2.81 ml H20, 5 ml 2% agarose 
solution). The 5 ml of assay mixture was added to 5 ml of warm agarose solution, 
and immediately poured over plates. Activity was detected visually by colour 
formation over the active area of the membrane. 
4.6 SDS-PAGE 
Protein samples were prepared in sample loading buffer and loaded onto 
polyacrylamide gel and run at a constant potential of 150 V (Powerpac 200). Upon 
completion, the gel was rinsed with dH20 and immersed in Sigma EZ-blue staining 
solution for 1 hr. with gentle shaking. The gel was then destained in the same way 
by immersion in dH20 for 30 min. 
4.7 Total protein determination 
4.7.1 Bradford assay 
Relative protein concentration were measured by mixing 100 i1 of the protein 
sample with 100 iil of Bradford reagent in a 96-well plate. The reaction was allowed 
to proceed for approximately two minutes until the color developed. In the same 
plate, BSA standards of known concentration were measured in the same way for 
reference. Absorbances were then recorded on a Molecular Devices VersaMax at 
595nm. 
4.8 Secondary alcohol characterisation 
4.8.1 Assays with purified enzyme 
To assay purified PVA oxidase, each well of a 96-well plate was filled with 100 pl of 
assay mixture (Section 4.5.1), 89 p.l of 1% w/v PVA in 5 mM KP1 buffer, pH 7.0, 
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1 ul of HRP, and 10 ul of PVA purified PVAO. Where the substrate was an alcohol 
other than PVA, it was dispensed to a final concentration of 50 mM and the 
remainder of the volume was made up with water. PVA oxidase was purified as 
described in Section 2.4. The reaction was then monitored on a VersaMax plate 
reader, until activity was detected. 
4.8.2 Assays with crude enzyme 
To assay the crude PVA oxidase solution, the resuspended ammonium sulfate 
precipitate was used in place of the purified enzyme solution as described in Section 
4.8.1, with the exception that 3 p.l of protein solution was used instead of 10 pi. The 
reduced volume of protein solution was required due to the darkly pigmented 
nature of the crude solution. 
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5 Experimental: DNA manipulation 
5.1 General Techniques 
5.1.1 Genomic DNA preparation 
Liquid cultures of B. vesicularis were grown as in Section 4.1.6, and then centrifuged 
at 5000g for 20 mm. The supernatant was discarded and the resulting pellet used as 
the source of genomic DNA. Approximately 3 p.l of cells were pipetted using wide 
bore tips and transferred to 1.7 ml eppendorf tubes. These cells were then 
resuspended and their DNA extracted using a Qiagen Genomic tip 100/G kit 
according to the supplied protocol. 
5.1.2 Plasmid preparation (Qiagen miniprep) 
Single colonies of E. coli were picked and used to inoculate 3 to 5 ml of LB medium 
in a 50 ml conical tube. These cultures were then grown for 12-18 hrs. The cultures 
were then centrifuged at 4000g for 20 mm. The cell pellets were treated with the 
Qiagen miniprep kit according to the supplied protocol. 
5.1.3 Plasmid preparation (Shahcheraghi et al. [771) 
A loopfull of cells was taken from a lawn of B. vesicularis grown on TY-PVA agar 
plates and suspended in 20 ii of TE buffer. The suspension was vortexed briefly 
and mixed with 100 pl of lysis buffer (50 mM Tris base, 3% SDS, pH 12.5). The 
mixture was again vortexed briefly, followed by incubation at 56 °C for 45 min. 
100 il of phenol:chloroform:isoamyl alcohol (25:24:1) solution was added and 
vortexed vigorously. The suspension was then centrifuged at 12,000 rpm for 30 
min. The upper aqueous layer, containing the plasmid, was then sampled and run 
on a agarose gel to confirm the presence of plasmid DNA. 
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5.1.4 Phenol:chlorof arm extraction and ethanol precipitation 
An equal volume of phenol:chloroform:isoamyl alcohol (25:24:1) was added to the 
DNA solution followed by vigorous vortexmg and centrifugation at maximum 
speed in a bench-top centrifuge. The aqueous phase (top) was carefully transferred 
to a clean eppendorf tube using a 200 p1 pipette. The above steps were then 
repeated if there was a white precipitate at the aqueous/organic interface. 
Otherwise, 1/10 volume of NaOAc pH 5.2 was added to the aqueous phase 
followed with gentle mixing by tapping the tube several times. 2.0 to 2.5 volumes of 
4 °C absolute ethanol were added to the tube that was then placed at -80 °C for 
20 min. The tube was then centrifuged at maximum speed for 5 min and the 
supernatant discarded. 1 ml of room temperature ethanol was added, the tube 
inverted several times, centrifuged again and the supernatant discarded. The pellet 
was then air dried for 30 min and resuspended in an appropriate amount of either 
TE or deionised water. 
5.1.5 Restriction digest of genomic DNA (complete) 
20 p1 of a 100-120 ng/p.l genomic DNA solution (2.0-2.4 pg) was dispensed into a 
1.5 ml eppendorf tube. An appropriate amount of dH20 was then added for a final 
reaction volume of 50 p.1.  Next, 5 p.1 of 10 X reaction buffer was added, and where 
necessary, followed by 5 p1 of 10 X BSA solution (eg. for Barn HI). Finally 30 U of 
restriction enzyme was added and stirred in with the pipette tip. Digests were 
incubated at the appropriate temperature for maximum restriction enzyme activity, 
for at least six hours. After digestion, the tubes were either inactivated by heating at 
65 °C for 20 min. or immediately frozen at -20 °C. Digests were analyzed by taking 
a 10 .tl aliquot of the digest, mixing it with 2 p1 of 6X sample buffer and running 
them on agarose gels. Gels were visualised on a T.JV transillurninator. 
5.1.6 Restriction digest of genomic DNA (Sau 3A partials) 
10 p.l of a 100-120 ng/p.l genomic DNA solution was dispensed into a 1.5 ml 
eppendorf tube. An appropriate amount of dH20 was then added for a final 
reaction volume of 20 pl. Next, 2 pl of lOX reaction buffer was added, followed by 
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2 p of lox BSA solution. Finally, an appropriate amount of Sau 3A was added and 
stirred in with the pipette tip. Digests were incubated at 37 °C for one hour. The 
amount of Sau 3A was determined by trial and error: several digests were made up 
with concentrations of enzyme starting at 1 U/pl down to 0.016 U/pl in 2 fold 
dilutions. When digests were run out on agarose gels and visualised, those with 
DNA smears in the desired molecular weight range were used. 
5.1.7 Agarose gel electrophoresis 
5.1.7.1 Sample preparation 
Samples were prepared by mixing DNA solutions with 6)( Sigma-Aldrich sample 
buffer to a final concentration of ix. 
5.1.7.2 Gel preparation 
0.6% to 1.0% w/v agarose solutions were prepared by adding agarose to TAE buffer 
and microwaving until fully dissolved. The solution was then allowed to cool to 
50 °C and ethidium bromide added to a final concentration of 0.5 pg/mi. The 
agarose solution was then poured into a gel casting tray, a comb placed, and 
allowed to solidify for 30 mm. The gel was then placed in the gel tank, the comb 
removed and samples dispensed into the wells along with the appropriate 
molecular weight standards. 
5.1.8 Recovery of DNA from agarose gels 
5.1.8.1 Gel extraction (Qiagen) 
DNA digests were prepared with sufficient DNA to yield at least 100 ng of the 
fragment of interest. The fragments were then separated by agarose gel 
electrophoresis on a 1% gel that was cast with ethidium bromide as described in 
5.1.7.2. To excise the fragment of interest, the gel was visualised on a 
UV transilluminator, and using a sharp, clean scalpel, the band was cut out leaving 
as little excess agarose around the edges of the band as possible. The gel slices were 
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then weighed and placed in 50 ml conical tubes and treated with the Qiagen gel 
extraction kit according to the supplied protocol. 
5.1.8.2 Electroelution into dialysis bags [ 731 
DNA digests were prepared with sufficient DNA to yield at least 100 ng of the 
fragment of interest. The fragments were then separated by agarose gel 
electrophoresis on a 1% gel that was cast with ethidium bromide as described in 
5.1.7.2. To excise the fragment of interest, the gel was visualised on a UV 
transifiuminator, and using a sharp, clean scalpel, the band was cut out leaving as 
little excess agarose around the edges of the band as possible. 
While the gel was running, dialysis tubing was prepared: a piece of dialysis tubing 
of the appropriate molecular-weight cut-off was cut to a length of approximately 
20 cm. The tubing was first hydrated in dHO for five minutes. It was then 
immersed in 0.25X TAE for a further five minutes. 
One end of the dialysis tubing was sealed with a knot. The dialysis bag was then 
filled with 0.25X TAE. The gel slice was transferred into the buffer filled bag and 
excess buffer was squeezed out, leaving just enough buffer to stay in constant 
contact with the gel slice. To avoid trapping air bubbles in the bag a dialysis clip 
was used to seal the other end of the bag. 
A horizontal electrophoresis tank was filled with enough 0.25 X TAE to immerse the 
dialysis bag. The bag was clipped to the tank, and weighed down with a glass rod 
to keep it from floating and maintain the fragment in an orientation parallel to the 
electrodes (this minimises the amount of gel the DNA must pass through, and 
therefore the time taken). A current of 7.5 V/cm was then applied for 
45-60 minutes. At the end of the 45-60 minutes, the current was reversed for 
20 seconds to free DNA bound to the dialysis bag. 
After reverse electrophoresis, the bag was inverted a few times to mix the DNA 
with the buffer. The clip was then removed and the DNA-containing solution 
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poured into a conical tube. The gel fragment was then stained in ethidium bromide 
and visualised on a UV transilluminator to confirm that all DNA had been eluted. 
The eluted DNA was then purified by phenol:chloroform extraction and ethanol 
purification. 
5.1.9 Vector digests 
Vectors were digested as described in Section 5.1.5 using the restriction enzyme 
appropriate for compatibility with the insert. 
5.1.10 Standard Ligations 
Ligations were carried out as described in Molecular Cloning, 3rd Edition [73]. 
5.1.11 Rapid Ligations 
Using a Roche Rapid Ligation kit, ligations were carried out as described in the 
manufacturer's protocol. 
5.1.12 Transformations 
Transformations were carried out using Stratagene XL1 supercompetent cells or XL2 
ultracompetent cells. All transformations were carried out according to the 
manufacturer's protocol. 
5.2 Southern blots and hybridisations 
5.2.1 Southern blotting 
Four genomic DNA digests using four different 6-base cutting enzymes (Barn HI, 
Bgl II, Eco RI, Sma I) were set up and digested to completion as described in Section 
5.1.5. The digests were mixed with 6X sample buffer and nm on an agarose gel. 
Following electrophoresis, the agarose gel was visualised on a UV transifiuminator 
and the borders of the gel were trimmed, leaving only the area containing DNA. 
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Molecular weight markers were then visibly marked by injecting indelible ink into 
them using a syringe needle. The gel was then rinsed in deionised water. 
The DNA was denatured by immersing the gel in 10 gel volumes of denaturing 
solution (1.5 M NaCl, 0.5 M NaOH) twice for 30 minutes with gentle shaking. The 
gel was then rinsed with deionised water and immersed twice in 10 gel volumes of 
neutralisation solution, once for 30 minutes with gentle shaking, then followed by 
15 minutes with gentle shaking. 
The membrane was prepared by cutting a piece of Amersham Hybond N to the 
dimensions of the gel, plus three millimetres on each side. The membrane was then 
hydrated in water then transferred to 6X SSC to equilibrate with the buffer. 
The blotting apparatus was then prepared: a shallow Tupperware container was 
filled with 6X SSC (approx. 750 ml) and a glass plate laid across the container. 
Whatman 3MM paper was then laid across the glass with both edges immersed in 
the buffer. The paper was given time to saturate with buffer, then the gel was 
placed on the paper taking care that no air bubbles were trapped between it and the 
paper. The membrane was then laid onto the gel (again avoiding air bubbles), and 
two pieces of Whatman paper (same size as gel) were placed over the membrane. 
Layers of paper towels cut to size were then placed on top of the sandwich and a 
weight placed on top of the paper towels. The transfer was allowed to proceed for 
at least 8 hours. 
The blot was then disassembled, the membrane immersed in 6X SSC for 5 minutes 
and cross-linked in a Stratagene Stratalinker. 
5.2.2 Methylene Blue staining 
To verify the presence of DNA on nylon membranes, they were stained with 
Molecular Research Center, Inc. Methylene Blue solution according to the 
manufacturer's protocol 
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5.2.3 Radiolabelling of oligos [ 731 
Oligonucleotides were enzymatically labelled with y 32P ATP using 
T4 polynucleotide kinase in the following reaction: ipi 10 pmol/pl oligo, 11 pl H20, 
2pl 10 T4 PNK buffer, 5 p1 y 32P ATP, 1 pl. PNK (10 U). The reaction was allowed to 
proceed for 45 min at 37 °C. Oligonucleotide probes were then purified on 
Amersham NICK columns following the supplied protocol, resulting in clean 
labelled probe in 400 p1  of buffer. 
5.2.4 Southern hybridisation (Amersham Bioscience Rapid hyb.) 
Approximately 10 ml of Rapid-hyb buffer (or enough to cover the membrane) was 
poured into a hybridisation tube and placed in a Hybaid micro-4 hybridisation oven 
to pre-warm the buffer to the hybridisation temperature (40 °C to 60 °C for 
oligonucleotides). The membrane was then pre-hybridised by carefully inserting it 
into the hybridisation tube, which was then placed into the oven and set to rotate: 
pre-hybridisation was allowed to proceed for 30-45 minutes. 
The 400 pl of labelled oligonucleotide probe from 5.2.3 was then mixed with 400 p1 
of hybridisation buffer from the tube and all 800 pl were then transferred back to the 
hybridisation tube (this was done to ensure that the probe mixed into the solution 
more evenly to avoid high background on the membrane). Hybridisation was 
carried out for one to two hours in the oven with rotation at the same temperature 
as pre-hybridisation. 
At the end of the hybridisation, the buffer was decanted from the tube and replaced 
with 50 ml of 5X SSC, 0.1% SIDS and rotated in the oven with the door open at 
ambient temperature. Following the first wash, two or three subsequent washes of 
increasing stringency (decreasing salt conc.) were carried out depending on the 
experiment. The concentration of these washes could range from 2X - 0.1X SSC, 
0.1% SIDS and at a temperature of 40 °C to 55 °C. 
After washing, the membrane was placed on a sheet of Whatman paper to dry the 
excess buffer then wrapped in saran wrap. The molecular weight markers were 
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redrawn with indelible pen (this ensures that the markers appear on the film) and 
the membrane was placed in an Amersham Hypercassette under a sheet of Kodak 
Biomax XAR film. Film was handled in a suitable dark room under photo-safe 
lights. The film was exposed to the membrane for up to ten days depending on the 
experiment. After exposure, the film was developed and visualised. 
5.2.5 Southern hybridisation: Iwanejko Protocol [76] 
Southern hybridisations were carried out as in Section 5.2.4 with the exception that 
approximately 10-20 ml of hybridisation solution (0.75 X SSPE, 0.5 X SDS ,0.25 g/l 
milk powder, and 3% PEG 6000) was used instead of the Rapid-Hyb buffer, and 
hybridisation was carried out for approximately 18 hours. 
5.2.6 Colony blotting 
Colonies were lifted from bacterial library plates that were grown as described in 
Section 4.1.1 by gently pressing 26.2 mm Hybond N membranes against the plates. 
The lifted bacteria were then lysed by laying the membranes on sheets of Whatman 
3MM paper saturated with 10% SDS solution for 3 min. The membranes were 
subsequently transferred to Whatman paper saturated with denaturing solution 
(3 min) and neutralisation solution (2X 3 mm). Membranes were then rinsed in 3X 
SSC followed by cross-linking of DNA in a Stratagene Stratalinker. 
5.2.7 Colony hybridisation 
Colony hybridisation was carried out as for Southern hybridisations (Sections 5.2.4 
and 5.2.5), with the exception that volumes were adjusted for larger hybridisation 
tubes to contain several circular membranes. 
5.2.8 Dot blotting/hybridisation 
Approximately 50 pl of miniprep DNA were dotted onto a piece of Hybond N and 
subjected to denaturation and neutralisation according to the membrane 
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preparation protocol for colony blotting. The membrane was hybridised according 
to the Southern blotting method described in Section 5.2.1. 
5.3 Polymerase Chain Reaction 
PCR experiments were carried out at standard reagent concentrations as described 
in Molecular Cloning 3rd Edition. 
5.3.1 PCR programs 
PCR1 
95°C,5min 
PAUSE add enzyme 
95°C,lmin 
55 ,C, 1 mm, reducing by 1 °C evey 2 cycles to 40 °C 
7VC,3min 
GOTO 3 REP 1 
PCR2 
Same as PCR 1 
PCR3 
95C,5min 
PAUSE add enzyme 
95C,1min 
55 C, 1 mm, reducing by 1 °C evey 2 cycles to 40 C 
50°C,5min 
GOTO 3 REP 1 
50°C,7min 
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PCR4 
95°C,5min 
PAUSE add enzyme 
95°C,lmin 
50 °C, 1 mm, reducing by 1 C evey 2 cycles to 40 C 
72°C,3min 
GOTO3 REP 1 
72°C,5min 
PCR5 










 GOTO 6 REP 15 
 72°C,2min 
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 GOTO6 REP 15 
58C,10min 
PCR9 
Same as PCR 8 
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 30°C + 1.0 °C, 1 mm 
 45°C+1.0°C,6min 




 GOTO 6 REP 25 
 58°C,l0min 
5.4 Expression Library 
The expression library was constructed by digesting genomic DNA with Sau lilA to 
obtain 2-3 kb fragments. These were then ligated into Promega pRSET A, B and C 
vectors using a Roche Rapid Ligation kit. The vectors had been pre-digested with 
Barn HI prior to ligation. Following ligation, the concentrations of vector DNA 
solutions were normalised and transformed into Stratagene BL21 Star competent 
cells. Transformations were carried out according to the manufacturer's protocol. 
Transformants were plated out onto Amersham Hybond N membranes laid over LB 
ampicfflin plates. When colonies grew for approximately 24 hours, the membranes 
were transferred onto agarose/ IPTG plates to induce protein expression. After five 
hours the membranes were removed from, the plates and lysed with chloroform 
vapour for five minutes. Following lysis, the membranes were placed in empty 
plates and the solid phase assay solution (Section 4.5.2) was decanted over them. 
Plates were visually checked at 30 minutes, 1 hour, 3 hours, and 24 hours for 
activity. Standard techniques used in construction of the expression library are 
described above. 
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6 Conclusions and Future Work 
At the start of this project the aims were simple; to create a novel one pot, two step, 
cyclic deracemisation process for chiral secondary alcohols. This process depended 
on the development of two components: the enantioselective enzymatic oxidation 
and the non-specific chemical reduction. Work was carried out only on the 
enzymatic component of the process, starting with isolation of the producing 
organism, Brevundimonas vesicularis. 
Once isolated, culture conditions and enzyme secretion were optimised in 
preparation for protein purification. Though a published purification protocol 
existed, it was not amenable to available equipment, requiring a new method to be 
developed. With the availability of purified enzyme, confirmation of the activity 
claimed in the literature was obtained, validating the continuation of the project. At 
this point, sufficient work had been carried out on PVA oxidase to become aware of 
the difficulties in handling cultures of B. vesicularis, which guided the project in the 
direction of cloning PVA oxidase, rather than using the wild-type enzyme. 
After two years of work to isolate the gene encoding PVA oxidase, in which three 
different approaches were undertaken, the gene still proved elusive. The first of 
these approaches taken was Southern hybridisation. This method was plagued with 
problems, due both to the technique itself as well as the quality of the probes being 
used. The probes were the best that could be designed based on the available amino 
acid sequence information, however these sequences were far from ideal both in the 
nature of the sequences themselves (i.e. level of degeneracy of the amino acids) as 
well as in the reliability of the amino acid assignments. Subsequent to the initial 
cloning attempts using Southern hybridisation, inverse PCR was attempted in order 
to isolate a part of the gene. Again, as the quality of the peptide sequences was 
questionable, the reason behind the failure of this method to obtain a satisfactory 
PCR product remains unknown. The failure of these rational approaches to gene 
isolation points to the fact that for this work to go on and have any real probability 
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of success, the critical first step of obtaining long stretches of reliable and low 
degeneracy amino acid sequence must be achieved. 
Once it became evident that any cloning based on the available amino acid sequence 
was not likely to achieve the desired result, an expression library was created. This 
method had problems of its own leading to a laborious set of experiments which did 
not result in the cloning of the gene. Despite this lack of hits, the expression library 
cannot be considered a failure as a complete screening program was not carried out. 
If work is to continue in the cloning of PVA oxidase, it would be wise to spend the 
time necessary at the front end to finish screening a large enough number of 
transformants. 
Alternatively, if cloning work is to continue, optimisation of amino acid sequencing 
should be carried out. Simply stated, PVA oxidase should be subjected to more 
rigorous purification, followed by digestion with a few proteolytic enzymes, 
yielding different peptides which would increase the chance of obtaining greater 
numbers of sufficiently clean HPLC fractions before analysis on the sequencer. 
Yet another possible, but more speculative, route to cloning PVA oxidase involves 
the hypothesis that the enzyme purified in this project is in fact a multifunctional 
enzyme, possessing both oxidase and hydrolase activity. To this end, a method of 
detecting hydrolase activity of the purified enzyme should be devised. If this 
hypothesis were confirmed, using sequence homology with the sequence data 
obtained by Shimao et al., primers or probes could be designed to carry out 
Southern hybridisations or inverse PCRs. 
As previously stated, cloning PVA oxidase is a way of gaining simple and quick 
access to large quantities of the enzyme, making it a practical biocatalyst. 
Regardless of the immediate success of any future cloning attempts, continued 
study of the enzyme itself would be both interesting and valuable. These further 
studies could focus on elucidating the reaction mechanism, by confirming or 
refuting the published claim that this enzyme uses non-heme iron to oxidise its 
substrates. Further studies could focus on challenging PVA oxidase with a large 
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variety of substrates to test the limits of its catalytic activity. Careful selection of 
substrates could establish firmer trends in what this enzyme can tolerate as far as 
substituents, based on bulk, electronegativity, aromaticity, etc. 
Finally, not to be forgotten is the primary aim of this work: to develop a cyclic 
deracemisation. Whether with wild-type (small scale experiments) or recombinant 
PVA oxidase (allowing exhaustive experimentation), deracemisation reactions 
should be attempted. Using one or a handful of predetermined model compounds, 
various reducing agents should be tested, following which, their compatibility with 
PVA oxidase should be determined. 
Although this project did not achieve its predetermined goals within the time 
allowed, work on PVA oxidase is by no means complete. A great deal of forward 
progress has been made toward establishing the value of PVA oxidase as a 
biocatalyst, and several approaches at cloning it have been ruled out. This work 
should continue, building upon the knowledge that has been acquired in the last 
three to four years. With persistence this enzyme could potentially become an 
important biocatalyst. Beyond this however, the desire to better understand a 
unique type of biocatalyst, possessing the seemingly conflicting properties of 
oxidising a broad range of bulky substrates with, in many cases, high 
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